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“It is a capital mistake to theorise before one has data. 
Insensibly one begins to twist facts to suit theories instead of theories to suit facts.” 
Arthur Conan Doyle (1859-1930) 
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ABSTRACT 
The 5-HTT gene (SLC6A4) is regulated by a common polymorphism in the promoter region 
(5-HTTLPR), which has functional consequences. Two major alleles have been observed and 
shown to have differential transcriptional activity with the long (L) allele having greater gene 
expression than the short (S) allele. 5-HTTLPR appears to modulate depression, anxiety and 
personality traits such as neuroticism. Additionally, a significant influence of 5-HTTLPR 
genotype on amygdala reactivity in response to fearful stimuli has been reported. Moreover, 
5-HTTLPR seems to impact on the role of stressful life events (SLEs) in the development of 
depression. An elevated risk of depression and suicidal behaviors has been found in carriers 
of at least one low expressing S allele who had experienced SLEs, suggesting a gene x 
environment interaction. However, a recent meta-analysis showed that several findings failed 
to replicate this finding. Since genetic polymorphisms of the dopaminergic and serotonergic 
neurotransmission interact at the molecular, analyses with another polymorphism of the 
dopaminergic system, the dopamine D4 receptor (DRD4) was included to consider these 
likely gene-gene interactions (epistasis). 
 
The aim of this series of studies was to investigate the role 5-HTTLPR and SLEs on the 
endocrine stress response in different age samples. While newborns have been examined by a 
heel prick, stress responses were provoked in children (8-12 yrs) and younger adults (19-31 
yrs) and older adults (54-68 yrs.) with the Trier Social Stress Test (TSST). The Life History 
Calendar (LHC) and Life Events Questionnaire (LEQ) were used to acquire data on SLEs.  
While in newborns the S/S genotype showed a significantly higher acute endocrine stress 
response than L/L or S/L genotypes, no significant difference between genotype groups was 
found in children. In the younger adult sample, the genotype impacted on cortisol stress 
responsiveness was reversed. Adults carrying the more active L allele of the 5-HTTLPR 
polymorphism showed a significantly larger cortisol response to the TSST than individuals 
carrying at least one of the lower expressing S allele. In older adults, no significant difference 
between genotype groups was found. However, results point in the same direction with 
showing highest cortisol response in individuals with L/L genotype. These data suggest that 
the association between 5-HTTLPR and endocrine stress reactivity seems to alter across 
lifespan, more specific the effects of genotype turns around. 
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In addition, a significant interaction effect of 5-HTTLPR and SLEs has been found in the 
sample of younger adults, i.e. that early SLE as well as a severe number SLEs across the 
entire lifespan seem to modulate the interaction between HPA axis activity and 5-HTTLPR 
genotype. 
 
Additionally, a DRD4 by 5-HTTLPR interaction emerged which point to independent and 
joint effects of these polymorphisms on stress responsivity with regard to the concept of gene-
gene interaction. 
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INTRODUCTION 
Neurotransmitter systems have created a centre of attention since they possess a key function 
in the communication between neurons. In response to an approaching action potential, the 
end terminals of presynaptic neurons actively secrete neurotransmitters. These substances are 
released into the synaptic cleft and act on plasma membrane receptors on the postsynaptic 
cell. One of these neurotransmitters which are found throughout the brain is serotonin (5-HT), 
a highly important control neurotransmitter (Fallgatter, Jatzke, Bartsch, Hamelbeck, & Lesch, 
1999). Serotonin is an essential regulator of morphogenetic activities (Gaspar, Cases, & 
Maroteaux, 2003) and subserves several physiologic and psychological functions. Serotonin is 
actively taken back up into the nerve terminal after release by the serotonin transporter (5-
HTT) which has been confirmed to play a pivotal role in mood and anxiety disorders (Jans, 
Riedel, Markus, & Blokland, 2007; Mathew & Ho, 2006; Vieweg et al., 2006). 
Pharmacological studies further support this association since effective antidepressant and 
anxiolytic drugs targeting the 5-HTT are used in the treatment of psychopathological disorder 
(Lesch & Gutknecht, 2005; Murphy, Lerner, Rudnick, & Lesch, 2004). Consistent findings 
have led investigators to examine the association between a polymorphism in the promoter 
region (5-HTTLPR) that affects the activity of the transporter, in particular the transporter 
mRNA, and correlates of certain psychological traits (Lesch et al., 1996; Sen, Burmeister, & 
Ghosh, 2004). Numerous studies have been published showing an association between the 
short (S) allele and depression, anxiety, personality traits and furthermore, a greater amygdala 
neuronal activity (Caspi et al., 2003; Hariri et al., 2002; Heinz et al., 2005; Pezawas et al., 
2005). The amygdala is a key structure for the modulation of emotional behavior and has been 
discussed in the context of bipolar disorder or major depression (Dannlowski et al., 2008; 
Strakowski, Delbello, & Adler, 2005). This central brain structure has been found especially 
susceptible to genetic variation involving serotonergic function (Hariri & Weinberger, 2003) 
given that serotonergic neurons densely innervate the amygdala and 5-HT receptors have been 
found in several amygdala subnuclei (Azmitia & Gannon, 1986). 
 
However, research findings on 5-HTTLPR are inconsistent. Carriers of the long and full 
expressing allele (L) have been reported to show increased cardiovascular reactivity, greater 
risk of myocardial infarction (Coto et al., 2003; Fumeron et al., 2002; Williams et al., 2001) 
but also greater psychopathology such as psychosis (Goldberg et al., 2009). An elevated risk 
of depression in humans with at least one S allele is modulated in relation to SLEs (Caspi et 
INTRODUCTION 
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al., 2003). To have a better understanding of the role that the 5-HTTLPR polymorphism plays 
in the genesis of stress disorders, this polymorphism will be outlined and described in the 
interaction with SLEs.  
 
Previous studies have focused extensively on the relation between psychopathological 
disorders such as anxiety and depression disorders and 5-HTTLPR, while the construct of 
stress reactivity in association with the 5-HTTLPR has mainly been investigated in animals 
(Barr, Newman, Schwandt et al., 2004; Barr, Newman, Shannon et al., 2004; Champoux et 
al., 2002). To date, there are only three published human studies with regard to the interactive 
effects of 5-HTT genotype, stress and hypothalamic–pituitary–adrenal (HPA) (Alexander et 
al., 2009; Gotlib, Joormann, Minor, & Hallmayer, 2008; Wüst et al., 2009). While Gotlib et 
al. (2008) investigated girls aged 9 to 14, Alexander et al. (2009) investigated healthy male 
adults aged 22 to 26. Wüst et al. (2009) could not find an effect of 5-HTTLPR on stress 
reactivity after a standardized social stress test (Trier Social Stress Test, TSST). Extending the 
age range of possible 5-HTTLPR on endocrine and psychological stress responsiveness, the 
aim of this study was to investigate the impact of 5-HTTLPR impacting on hypothalamic–
pituitary–adrenal (HPA) axis activity in humans in four different age groups covering almost 
the entire life span. At first, the hormonal stress response in infants was examined by the use 
of the heel prick, followed by a study that explored how the 5-HTTLPR genotype impacts on 
the endocrine stress response in children (8-12 years), younger adults (19-31 years), or older 
adults (54-68 years) exposed to psychosocial stress. Here, it was expected to find a larger 
endocrine stress response in individuals carrying at least one S allele. Additionally, we 
hypothesized an impact of the 5-HTTLPR on the endocrine stress response in interaction with 
SLEs with higher cortisol responses in individuals carrying at least one S allele and the 
experience of a severe number of SLE. 
 
Since genetic polymorphisms of the dopaminergic and serotonergic neurotransmission 
interact at the molecular level (Skowronek, Laucht, Hohm, Becker, & Schmidt, 2006), 
analyses with another polymorphism of the dopaminergic system, the dopamine D4 receptor, 
was included to consider these likely gene-gene interactions. A multitude of genetic 
interactive effects (epistasis) has been found to influence personality traits and emotion-
related behaviors (Goldman, Oroszi, & Ducci, 2005), particularly between these two genes – 
5-HTTLPR and DRD4 (Auerbach et al., 1999; Ebstein et al., 1998; Schmidt, Fox, & Hamer, 
2007). 
INTRODUCTION 
 5 
 
In summary, the primary aim of the study was to investigate the significance of 5-HTTLPR on 
stress related endophenotypes. Furthermore, SLEs have been taking into account in order to 
look at the interaction of 5-HTTLPR and SLE on HPA axis activity with the aim of 
discovering whether 5-HTTLPR genotypes affect HPA axis activity alone or are modulated by 
SLEs. This would show, for the first time, the significance of 5-HTTLPR on HPA axis activity 
across the life span and could generate data on genesis of affective disorders. Finally, a 
possible interaction between 5-HTTLPR and DRD4 on the endocrine stress response has been 
considered. 
 
The theoretical background of the key components – the neurotransmitter systems, in 
particular the serotonergic system, the neuroendocrine stress response and the relation 
between the HPA axis activity and 5-HTTLPR will be presented in chapter 1. In the 
beginning, stress will be defined including a concise outline of different stress theories that 
have played essential roles for the definition and explanation of stress in the past. Secondly, 
the serotonergic neurotransmitter system and a brief summary about the dopaminergic system 
will be introduced. Thirdly, central and peripheral stress systems of the body will be 
explained highlighting the neuroendocrine stress response. In addition, factors that modulate 
the HPA axis will be illustrated with emphasis on genetic variations and how environmental 
and genetic factors are interconnected. This yields in a synopsis of gene-environment 
interaction concluding with the consideration on gene-gene interaction, respectively. Finally, 
hypotheses of this thesis as well as used measures (chapter 2) will be briefly annotated. The 
three empirical studies are presented in the chapters 3 to 5. In the last chapter, results will be 
summarized and discussed in a broadly based context. An outlook about future directions 
regarding the relation between HPA axis activity and the serotonergic system in the 
framework of gene-environment interaction as well as gene-gene interaction with regard to 
DRD4 will be given (chapter 6). 
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1 THEORETICAL BACKGROUND 
 
1.1 Stress – Basic concept 
In everyday life, stress is mainly defined as time pressure. People feel stressed when they do 
not have the time to perform their tasks within a certain period of time. In this view, stress has 
a predominantly negative connotation with maladaptive physiological and behavioral 
responses, which in the end is a very narrow, one-sided and misleading perspective. 
Therefore, the following definitions should help to establish a multifaceted and balanced view 
of stress. 
 
1.1.1 The definition of stress 
A stressor is a condition or stimulus that impacts acute or chronic on an organism and causes 
strain or stress. Physical stimuli or stressors (e.g., prolonged exercise, electric shock, heat, 
cold, or pain) can elicit physiological reactions of the HPA axis and autonomic nervous 
system (ANS) (Chrousos & Gold, 1992) and strain the human body. Another example for a 
physical stressor would be facing a wild animal with the anticipation of bodily injury. On the 
contrary, psychological stress (or perceived stress) is produced by aversive feelings, anxiety, 
fear, anger, shame, loneliness, strain (Rensing, Koch, Rippe, & Rippe, 2005) as well as the 
interpretation of exhausting or threatful events (Lupien, Maheu, Tu, Fiocco, & Schramek, 
2007). Those stressors lead to specific cognitive and affective processes and the development 
of coping strategies in order to deal with stressful situations in the present and future (Lazarus 
& Folkman, 1984). More specifically, psychosocial threat takes place when the organism's 
social status or value that is threatened (Dedovic, Duchesne, Andrews, Engert, & Pruessner, 
2009). Mason (1968) described the following three main psychological determinants that 
induce psychosocial stress: novelty, unpredictability and lack of control of a situation.  
 
1.1.2 Homeostasis and allostasis 
Both psychological and physiological processes need to be taken into account for the 
definition of stress. Cannon (1929b) termed the maintenance of stability in the internal 
environment of every living organism “homeostasis”. Stressors modify this stability and 
therefore, the organism must hold all parameters of its internal milieu in constant ranges 
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(Bernard, 1965). Deviations from normal levels are adjusted automatically by local negative 
feedback loops. For instance, if the normal blood pressure over the normal level of 
110/70mHg heart is lowered, vessels are extended and salt and water are excreted by the 
kidneys to restore blood pressure back to normal (Sterling & Eyer, 1988). Sterling and Eyer 
(1988) criticized that in an aroused behavioral state in which an organism has to respond to 
environmental challenge the rise in blood pressure might be essential to adapt. They proposed 
that in order to achieve stability through changing requirements, the body needs another 
system to define ranges and set points of the internal systems. Thus, set points as described by 
the homeostatic system are not fixed but can be re-evaluated. A new concept arose in 
response to these deficits of the homeostatic definition termed “allostasis” (Sterling & Eyer, 
1988). This process of the individual’s adaptation to change and at the same time maintain 
bodily parameters in a functional range is also named ‘stability through change’. Contrary to 
homeostasis, the system is not arranged and controlled by negative feedback loops as it 
comprises larger and interconnected regulatory areas of the organism. 
 
In the following, an overview about the historical development of stress theories will illustrate 
how different researchers focused on the definition of stress and thus, assembled diverse yet 
very significant theoretical implications. 
 
1.1.3 Stress concepts 
In this part, the theoretical background for studying the endocrine stress response and in 
particular different stress theories will be introduced. Since the theories of Cannon (1929b) 
and Selye (1936), an extensive literature about stress with different researchers together with 
their different views of stress exists. A brief overview focusing on psychophysiology will be 
given here starting with Claude Bernard’s (1813-1878) who introduced the term “milieu 
interior”. Claude Bernard’s (1865/1961) described the animal’s “milieu interior” (i.e., the 
internal environment or fluid matrix of the body) as an activation of certain brain and bodily 
systems by physiological as well as psychological demands (Bernard, 1878, 1965). In his 
concept, he explained the principles of a dynamic equilibrium wherein constancy is essential 
to survive external changes in the environment as for instance temperature, oxygen 
concentration in the air, and the expenditure of energy or diseases. The internal milieu of the 
body needs be controlled within narrow limits so as to supply enough nutrition and to remove 
waste products in every cell (Lovallo & Thomas, 2000). 
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The term of a dynamic, interactive equilibrium has been further introduced by Walton Cannon 
who in the early part of the last century defined this term of a steady state of equilibrium of 
bodily systems as “homeostasis” (Cannon, 1929b). At that time he characterized the term 
“stress” referring to emotional as well as physiological demands, which compel and challenge 
the organism to preserve “homeostasis”. He stated this the “fight-or-flight” theory and 
emphasized bodily reactions as emergency responses of an organism to a sudden threatening 
condition, which is restored by the sympathetic nervous system (SNS). This underscored the 
role of epinephrine which is secreted from the adrenal glands (Cannon, 1929a). This would 
then prepare the organism to either fight or flight. 
While Cannon was the first to use the term “stress”, Hans Selye (1907-1982) has been the 
first to describe the stress response, particularly as the “rate of all wear and tear caused by 
life” (1936). This Nature publication has been a major discovery in the field of stress. In 
several clinical and experimental studies, he revealed the meaning of the thyroid, the adrenal 
cortex and the pituitary for maintaining a consistent environment inside the organism (Selye, 
1956). He also emphasized the association between stress and disease in his “general 
adaptation syndrome”, a scheme consisting of an initial non-specific response to stress 
(“alarm reaction”) followed by a successful activation of the appropriate response systems 
restoring homeostasis (“adaptation stage”). Chronic stress including repeated and long-lasting 
stressors is accompanied by an increased vulnerability to disease (“exhaustion phase”). At 
that time, Selye (1956) postulated these responses as adaptive and for the first time focused on 
the key effector of the stress response – the hypothalamic-pituitary-adrenal (HPA) axis. He 
discovered the adrenal cortex as an important organ releasing glucocorticoids (GCs) as its 
central mediators (Selye, 1974). In contrast to Cannon, Selye ignored any contributions of the 
SNS to the stress response with any activation of the adrenal medulla and the release of the 
catecholamine epinephrine and norepiphrenine. However, from this publication the theory of 
stress has initiated intense research. 
John W. Mason (1968) later criticized the concept of nonspecifity and introduced 
psychosocial stimuli as the “most potent natural stimuli known to affect pituitary-adrenal 
cortical activity”  into the stress concept. In a review in 1968, he postulated psychological 
variables such as novelty, uncertainty, unpredictability, ego-involvement or anticipation as 
important stimuli activating the HPA axis and thus the neuroendocrine responses (Mason, 
1968, 1975). He also characterized anxiety or fear as consequences of most stimuli identified 
by Selye and furthermore, stated that coping or defensive functions serve to determine stress 
responses. In addition, Mason (1968) drew attention to the distinct individual differences in 
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the pituitary-adrenal cortical response as well as the multiple determinants of these individual 
differences as a key goal in the future development of psychoendocrine research. 
At that time Richard S. Lazarus (Lazarus, 1978; Lazarus & Folkman, 1984) included 
cognitive-relational aspects to the theory of stress by emphasizing the continuous, reciprocal 
nature of the interaction between the person and the environment. Specific focus was placed 
on individual differences in motivational as well as cognitive variables that mediate between 
stressor and reaction. This transactional stress model is characterized by three different 
appraisals: the primary appraisal to evaluate situational components, the secondary appraisal 
to evaluate own resources and coping strategies and the final reappraisal of the stressor itself. 
In summary, he stated that stress develops when the balance between the perceived demands 
of the environment and the organism’s own skills is disturbed. 
In another approach, Seymour Levine and Holger Ursin (1980) summarized that stress is 
dependent on coping strategies and learning but does not inevitably lead to dysfunction or 
disease. They identified three subclasses of the “composite, multidimensional concept” of 
stress, i.e. input (stress stimuli), processing systems (including the subjective experience of 
stress) and output (stress response) (Levine & Ursin, 1991). Their theory also states that these 
subclasses interact with each other and may lead to behavioral (e.g. subjective statements) as 
well as physiological (e.g., blood pressure or heart rate) stress responses serving as a common 
alarm and drive system. On the other hand, they distinguished this from a specific individual 
stress response. 
The following main components of the stress system were initially described in detail by 
George P. Chrousos and Philip W. Gold (Chrousos, 2000; Chrousos & Gold, 1992): the 
corticotropin-releasing hormone (CRH) and locus coeruleus-norepinephrine/autonomic 
(LC/NE) systems with their peripheral limbs consisting of the HPA axis and  the SNS 
(Chrousos, 1998a, b; Chrousos & Gold, 1992). From their point of view, stress is a state of 
homeostasis which is constantly threatened by intrinsic or extrinsic stressors which can be 
restored by the organism (Chrousos, 1998a). Thus, stress increases individual’s chances for 
survival (Chrousos, 2000). The stress system within the central nervous system (CNS) acts in 
response to distinct neurosensory input (visual, auditory, somatosensory, olfactory, gustatory, 
noiceptive and visceral), blood-borne and limbic-cortical signals which then activate a 
number of components in the brainstem. The activated central components are located in the 
hypothalamus and the brainstem and comprise the parvocellular corticotropin-releasing 
hormone (CRH), AVP neurons of the paraventricular nuclei (PVN) of the hypothalamus and 
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the locus coeruleus (LC) as well as norepinephrenergic cell groups of the medulla and pons 
(LC-NE-sympathetic system). While reciprocal neural connections exist between CRH and 
brainstem norepinephrenergic neurons of the CNS which stimulate each other, negative 
feedback loops are found in both CRH and brainstem noradrenergic neurons which inhibit 
CRH and catecholamine secretion (see Figure 1). Furthermore, CRH and catecholaminergic 
neurons also receive an excitatory innervation from serotonergic and cholinergic systems and 
inhibitory input from the γ-aminobutyric acid (GABA), opioid peptide neuronal systems of 
the brain but also by GCs (Chrousos, 1998b). The neuroendocrine system thus, plays a major 
role in order to protect homeostasis (Chrousos, 2000). 
 
Figure 1. A simplified representation of the central and peripheral components of the stress system, their 
functional interrelations, and their relations to other central systems involved in the stress response (Chrousos, 
1998). 
 
Bruce S. McEwen and Eliot Stellar (1993) introduced a theory focusing on the potentially 
damaging effects of stress mediators. They declared hyperactivity of the HPA as allostatic 
states which result from an inadequate adaptation to environmental challenge (McEwen & 
Stellar, 1993). While the effects of stress by hormones and other physiological agents seem to 
be protective and adaptive in the short run, they can increase pathophysiology in time. In 
addition, they introduced the term “allostasis” as “the ability to maintain stability of the 
internal milieu through change”. 
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Robert M. Sapolsky et al. (2000) combined previously described theories with the results of 
animal studies on GC effects on many different target tissues. Attention of their research was 
drawn to the difference between the physiological role of GCs in surviving natural stressors 
and conversely, the pathological effects of a prolonged GC elevation. While GCs operate as 
salutary mediating or suppressive responses to noxious stimuli, GCs also may sustain 
psychopathology when the natural recovery phase to noxious stimuli is suppressed. 
However, not all states of stress are necessarily harmful or negative, i.e., mild and 
controllable challenges might be perceived as pleasant or exciting stimuli and comprise a 
functional role for emotional and intellectual development (Selye, 1976). 
 
Summary 
The progress of stress research developed over almost one century from very different views. 
It is, thus, obvious that in stress research one has to deal with the complex system of 
physiology, behavior, subjective experiences, and cognitive functions. 
 
1.2 Relevant physiological mediators 
1.2.1 Hormonal System 
Cells in our body communicate via chemicals, which include a wide selection of hormones 
(from the Greek “horman”= to excite). Hormone actions are expressed by different endocrine 
glands and their hormonal influences on physiology and behavior. Already tiny amounts of 
some hormones can noticeably modify human actions, mood or behavior (Rosenzweig, 
Breedlove, & Watson, 2005). When secreted by one group of cells, hormones are carried via 
the bloodstream to other parts of the body where they act on specific target tissues and 
produce specific physiological effects via receptor molecules. 
 
1.2.1.1 Classification of hormones 
Hormones are classified into three main hormone types by their chemical structure. Protein 
hormones consist of strings of amino acids, amine hormones consist of a modified single 
amino acid and steroid hormones are composed of four interconnected rings of carbon atoms 
and originally derived from cholesterol. Steroid hormones are further divided into gonadal 
(e.g., estrogen, testosterone) and adrenocorticoids (or adrenal steroids). These 
THEORETICAL BACKGROUND 
 13 
adrenocorticoids consist of two subgroups, i.e., glucocorticoids and mineralocorticoids (e.g., 
aldosterone). Glucocorticoids increase level of blood glucose, accelerate the breakdown of 
proteins and have a remarkable anti-inflammatory effect. In the next section, the 
glucocorticoid cortisol, which is an important characteristic element of this study, will be 
discussed. 
 
1.2.1.2 The stress hormone cortisol 
While approximately 90 percent of the total cortisol in the blood binds to the proteins 
corticosteroid-binding globulin (CBG) and albumin, only 5 to 10 percent remain unbound and 
“free” (Kirschbaum & Hellhammer, 1989). According to the “free hormone hypothesis” 
(Mendel, 1992), free cortisol represents the active part and can be measured via saliva 
sampling which shows a reliable reflection of this free unbound concentration in the blood 
(Kirschbaum & Hellhammer, 1989). Cortisol is metabolized in the liver and excreted into 
urine, accounting for a half-life of 49 minutes for total cortisol and of 1.8 to 3.5 minutes for 
free cortisol (Keenan, Roelfsema, & Veldhuis, 2004). Via the blood-brain barrier, the 
biologically active cortisol can reach the CNS and enter the brain structures such as amygdala 
or the hippocampus (Lovallo & Thomas, 2000). 
Cortisol is essential for life and has a variety of effects on different tissues. Cortisol exerts its 
effects genomically: The lipophilic hormone passively diffuses through the cellular membrane 
and binds intracellular receptor with the intention of activating it. Subsequently, this complex 
translocates to the nucleus, where it either interacts with other transcription factors or binds to 
directly to DNA response elements which then result in an up- or down-regulation in the 
expression of various genes (Pearson-Murphy, 2000). In contrast, GCs also act non-
genomically and seem to have impact on a separate class of receptors in the neuronal 
membrane (Wehling, 1997). Non-genomic GC activities are not regulated at the 
transcriptional level but might be mediated through nonspecific physicochemical interactions 
with the plasma membrane (Lowenberg, Verhaar, van den Brink, & Hommes, 2007). 
In general, cortisol is thought to have at least two different modes of action. One mode is 
known as the permissive state (basal function) where cortisol serves normal metabolic and 
diurnal functions. In the second state (stress function), high levels of cortisol have a 
regulatory function during periods of stress in order to control stress-related processes 
(Lovallo & Thomas, 2000). Whereas the permissive state is driven by hypothalamic input and 
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very sensitive towards negative feedback control, regulatory cortisol secretion is elevated by 
the amygdala with less effective negative feedback. 
 
1.2.2 Neurotransmitter systems 
Neurotransmitters are chemicals that play a pivotal role in the communication between 
neurons. Chemical or also termed synaptic transmitters are secreted by the end terminals of 
presynaptic cells in response to an approaching action potential. These substances are then 
released into the synaptic cleft and act on plasma membrane receptors on the postsynaptic cell 
(Rosenzweig, Breedlove, & Watson, 2005). 
 
1.2.2.1 Classification of neurotransmitters 
Neurotransmitters are classified into the following major categories: amine neurotransmitters 
(e.g., acetylcholine, norepinephrine (NE), and serotonin), amino acid neurotransmitters (e.g., 
γ-aminobutyric acid and glutamate), peptide neurotransmitters (e.g., oxytocin, neuropeptide, 
and vasopressin) and gas neurotransmitters (e.g., nitric oxide). The amine neurotransmitter 
group can be divided into quaternary amines (acetylcholine) and monoamines, which 
furthermore are subdivided into catecholamines (e.g., NE, epinephrine, and dopamine) and 
indoleamines (serotonin, melatonin). In the next part, the serotonergic system will be 
discussed since it is of essential value for this study. In addition, the dopaminergic system will 
be explained briefly. 
 
1.2.2.2 Ionotropic vs. metabotropic receptors 
Neurotransmitters enter from the presynaptic cell into the postsynaptic cell via receptors. 
Based on their structural and functional characteristics, there are two kinds of membrane 
receptors: ionotropic and metabotropic receptors. The ionotropic receptor (also termed ligand-
gated ion channel) is a protein that is opened when the receptor is bound by an agonist. Then 
the ion channel opens directly and the ions can flow across the membrane. On the contrary, 
the metabotropic receptors (also termed G protein-coupled receptor) do not contain any ion 
channels but recognize the synaptic transmitter, and then activate a G protein system to open 
nearby ion channels. A G protein is a protein that binds guanosine diphosphate (GDP), 
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guanosine triphosphate (GTP) or other guanine nucleotides (Rosenzweig, Breedlove, & 
Watson, 2005). 
 
1.2.3 The serotonergic system 
Serotonin (5-hydroxytryptamine, 5-HT) is an important indolamine and neurotransmitter 
system that affects a variety of physiological and psychological processes. It is one of the 
oldest known biogenic amines, first discovered more than 50 years ago (Amin, Crawford, & 
Gaddum, 1954) and plays an important role in the regulation of the activity in the CNS, 
adrenal medulla, the gastrointestinal tract and in platelets (Zifa & Fillion, 1992). Serotonin is 
mainly concentrated in the raphe nuclei of the midbrain and brainstem, whereas the 
serotonergic system has a widespread distribution in the CNS (e.g., cortex, amygdala, and 
hippocampus) (see Figure 2). 
 
Figure 2. Serotonergic pathway in the brain (Rosenzweig, 2005). 
 
It is important to note that the influence of 5-HT has been shown to act in concert with gender 
such as, the rate of 5-HT metabolism is higher in females than in males (Jans, Riedel, Markus, 
& Blokland, 2007). 
Serotonin has been implicated in almost every sphere of mammalian physiology, from the 
control of cardiovascular regulation, respiration, the gastrointestinal system, pain sensitivity 
and thermoregulation to more centrally controlled functions (Kato, Fujiwara, & Yoshida, 
1999; Miyata et al., 2000; Thorin, Capdeville, Trockle, Wiernsperger, & Atkinson, 1990). The 
latter comprise the maintenance of the circadian rhythm, sleep states, appetite, aggression, 
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sensorimotor activity, genderual behavior, mood, cognition, learning and memory. In this 
respect, it is reasonable that perturbations in the level of serotonergic gene expression do not 
only have a substantial effect on behavior but also in the pathogenesis of several 
neuropsychiatric diseases, including disorders of anxiety, mood and appetite (Leonardo & 
Hen, 2006; Sodhi & Sanders-Bush, 2004). In addition to its role as a neurotransmitter, 5-HT 
is an important regulator of morphogenetic activities during brain development and plasticity 
(cell proliferation, migration, differentiation, and synaptogenesis) (Frodl et al., 2004; Gould, 
1999). 
 
1.2.3.1 Synthesis of serotonin 
Serotonin is produced in raphe nuclei groups from the midbrain to the medulla oblongata, 
from where it projects to the limbic system, the hypothalamus and hippocampus through the 
median forebrain bundle. Serotonin is synthesized from the essential amino acid tryptophan. It 
is hydroxylated in the rate-limiting step of 5-HT synthesis by tryptophan monooxygenase, 
yielding in 5-hydroxy-tryptophan (5-HTP), and is then transported to the axon nerve 
terminals. There, the enzyme aromatic L-amino acid decarboxylase catalyzes the tryptophan 
metabolite 5-HTP into 5-HT. The serotonergic system develops from the first trimester of 
pregnancy until at least the end of the first postnatal year (Kinney, Belliveau, Trachtenberg, 
Rava, & Paterson, 2007). Thus, the system is still vulnerable to developmental insults before 
and after birth. 
 
1.2.3.2 The serotonin receptors 
The control of the effective concentration of the neurotransmitter at the synaptic cleft and its 
availability for the interaction with both pre- and postsynaptic receptors play important roles 
in this mechanism. For the serotonergic system, at least structurally and pharmacologically 
distinct 15 types have been described so far. These 5-HT receptors consist of seven 5-HT 
receptor families (5-HT1, 5-HT2, 5-HT3, 5-HT4, 5-HT5, 5-HT6 and 5-HT7) and several 5-HT 
receptor subtypes. 
 
1.2.3.3 The serotonin transporter (5-HTT) 
Serotonergic neurotransmission is terminated by the rapid removal of 5-HT from the synaptic 
cleft predominantly by a reuptake into the presynaptic cell via the 5-HTT. Serotonin also 
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seems to play an important role in brain development (Gaspar, Cases, & Maroteaux, 2003; 
Glatz, Mossner, Heils, & Lesch, 2003). Moreover, there is mounting evidence of treating 
psychopathological disorders with drugs which regulate serotonin neurotransmission as for 
instance schizophrenia, anxiety, eating disorder or depression (Chaouloff, 2000; Gross et al., 
2002; Lang, Puls, Muller, Strutz-Seebohm, & Gallinat, 2007; Lucki, 1998). Several lines of 
evidence indicate that an enhanced serotonergic neurotransmission in the CNS may account 
for the therapeutic effect of different antidepressants including tricyclics and selective-
serotonin-reuptake inhibitors (SSRIs) (Serretti, Kato, De Ronchi, & Kinoshita, 2007). These 
SSRIs inhibit 5-HT uptake and result in an increased bioavailability of 5-HT in the synaptic 
cleft. This transporter is a high-affinity and Na+ and Cl- dependent transporter driven by 
Na+/Cl- gradient (Gonda, 2007). Thus, focusing on the 5-HTT seems to be a highly relevant 
objective (Hoffman, Mezey, & Brownstein, 1991). Nevertheless it should be noted that 
although an association between the long allele of 5-HTTLPR and better response to 
serotonergic antidepressants could be confirmed in European samples (Smeraldi et al., 1998; 
Zanardi et al., 2001), findings in Asian samples have been contradictory showing an effect in 
the opposite direction (Kim et al., 2000; Kim et al., 2005). In an American sample, no 
association between 5-HTTLPR and the antidepressant response could be revealed (Kraft et 
al., 2007). 
 
1.2.3.4 Genetics of the serotonin transporter (5-HTTLPR) 
Lesch and Gutknecht (2005) showed that the lack of one 5-HTT allele in mutant mice 
disturbed partly the formation of the cortex causing a reduced 5-HTT availability and a 
smaller 5-HT uptake. Besides, variations of a polymorphism in the promoter region of the 
serotonin transporter (5-HTTLPR) gene (SLC6A4) which is located on the long arm of the 17th 
chromosome (17q11.1-q12) have been found to impact on the endocrine stress reactivity of 
the HPA axis (Barr, Newman, Shannon et al., 2004; Chaouloff, 2000; Fuller, 1996b; Lowry, 
2002). This length variation is a 43bp insertion/deletion polymorphism consisting of two 
common variants in the transcriptional control region of the 5-HTT gene (see Figure 3). 
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Figure 3. Allelic variation in the serotonin transporter gene (Lesch, 2001). 
 
In the case of the short allele (S), the 43 bp sequence is deleted resulting in 14 repeat 
elements. In the long allele, the 43 bp sequence is inserted resulting in 16 repeat elements 
(Heils et al., 1996). The long allele of this polymorphism shows an increased 5-HTT 
expression and increased 5-HT reuptake in vitro and in vivo in comparison to the short 
version (Frodl et al., 2004; Heinz et al., 2000; Lesch, 2001; Lesch et al., 1996). In Caucasian 
population, the frequency is ~40% for the L allele and ~60% for the S allele, respectively 
(Gelernter, Kranzler, & Cubells, 1997). However, in Japanese and Korean populations the 
frequency of the L allele is 25-26% (Lesch & Gutknecht, 2005). Even though the distribution 
of the genotypes follows the Hardy-Weinberg equilibrium with L/L=32%, S/L=49% and 
S/S=19% (Lesch et al., 1996), it shows variation in different ethnic populations (Gelernter, 
Kranzler, & Cubells, 1997). 
In addition to the S and L alleles, there is an A>G single nucleotide polymorphism (SNP) 
within the repetitive region that comprises the 5-HTTLPR (dbSNP: rs25531), such that it is 
only present on the L allele. As with the loss-of-function S allele, the derived LG allele results 
in decreased 5-HTT transcription relative to the LA allele (Hu et al., 2005; Wendland, Martin, 
Kruse, Lesch, & Murphy, 2006). In all of the presented studies, this SNP has been taken into 
account. 
The importance of this polymorphism is further supported by its meaning as a target for 
effective antidepressant and anxiolytic drugs. 5-HTTLPR is one of the most frequently studied 
polymorphism in the neurotransmitter systems since it is uniquely susceptible regarding 
psychopathological diseases as depression, anxiety disorders and stress reactivity (Jans, 
Riedel, Markus, & Blokland, 2007; Mathew & Ho, 2006; Vieweg et al., 2006). 
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1.2.4 The dopaminergic system 
The dopaminergic system plays a pivotal role in the CNS with regard to motor control, 
cognition, motivation, sleep, mood, reward and endocrine regulation. Dopamine (3-
hydroxytyramine, DA) functions as a neurotransmitter in the brain and belongs like NE and 
epinephrine to the group of catecholamines which form approximately 1-2% in the brain 
(Birbaumer & Schmidt, 2003) (see Figure 4). 
 
Figure 4. Dopaminergic pathway in the brain (Rosenzweig, 2005). 
 
1.2.4.1 Synthesis of dopamine 
Like all of the catecholamine transmitters, DA is synthesized from the amino acid tyrosine. At 
first, tyrosine is hydroxylated by tyrosine hydroxylase to L-DOPA and then, decarboxylated 
to DA by the aromatic L-amino acid decarboxylase. In another metabolic step, DA can be 
further processed to NE and then further on, to epinephrine. 
 
1.2.4.2 The dopamine receptors 
The presence of DA receptors in the brain with their intention to mediate intracellular 
signaling through the activation of adenylyl cyclase was recognized almost three decades ago 
(Kebabian & Calne, 1979). These binding sites in the brain have afterwards been shown to be 
target for neuroleptic medications (Burt, Enna, Creese, & Snyder, 1975) and soon after, two 
DA receptor subtypes were found. These receptor subtypes were termed dopamine D1 and D2 
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and coupled to the stimulation and blockade of adenylyl cyclase (Kebabian & Calne, 1979). 
Molecular cloning revealed several subtypes of DA receptors which have been classified due 
to the similarity with either D1 (for D5) or D2 (for D3 and D4) (Oak, Oldenhof, & Van Tol, 
2000). While D1 receptors act excitatory and therefore, lead to an arousal of the neuron, D2 
receptors act inhibitory and hence, lead to a reduction of cyclic adenosine monophosphate 
(cAMP) concentrations and inhibition of the neuron (Giertler, 2003). 
 
1.2.4.3 Genetics of the Dopamine D4 Receptor (DRD4) 
The human dopamine D4 receptor (DRD4) gene is located on chromosome 11p15.5 and 
includes a remarkable high number of genetic variations in its coding region. The DRD4 exon 
III polymorphism is a 48 bp variable number of tandem repeats (VNTR) which contains 2–11 
repeats and is located in a region that encodes the putative third cytoplasmic loop of the 
receptor (Wang et al., 2004) (see Figure 5). 
 
Figure 5. Dopamine D4 receptor (Oak, 2000). 
 
A VNTR is a location in a genome where a short nucleotide sequence is repeated directly 
adjacent to each other. Alleles that contain 2 to 11 repeats (2R-11R) have been found so far. 
The most common variants are 2R, 4R and 7R and represent over 90 percent of the observed 
population allelic variety. For research studies, subjects are usually assigned to different 
groups based on their allele length (2R, 3R, 4R alleles versus 5R, 6R, 7R alleles) or else by 
the presence or absence of the 7R allele. The 7R variant has been found to result in a reduced 
cAMP level and less efficient gene transcription and translation compared to common 4R 
variant which results in a decreased transcription factor activation compared to the other 
DRD4 receptor length variants (Oak, Oldenhof, & Van Tol, 2000; Wang et al., 2004). The 
human dopamine D4 receptor is one of the most variable human genes known and has been 
proposed to inhibit neural firing in the prefrontal cortex (PFC) (Oak, Oldenhof, & Van Tol, 
2000; Wang et al., 2004). DRD4 is mainly expressed in the PFC, hippocampus, amygdala and 
hypothalamus and involved in cognition and attention (Oak, Oldenhof, & Van Tol, 2000). 
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1.2.5 Summary 
The serotonergic and the dopaminergic neurotransmitter system, in particular 5-HTTLPR and 
DRD4 seem to be of special interest with regard to health and on the contrary, 
psychopathological behavior or symptoms. Therefore, we concentrated on 5-HTTLPR and 
DRD4 while studying the causes of individual differences in stress reactivity. Both candidate 
genes appear to be putative ‘vulnerability genes’ or ‘risk alleles’ in the association with 
pathological conditions (Belsky et al., 2009). In the following section, pathways of the stress 
response will be discussed. 
 
1.3 Central and peripheral stress systems 
External as well as internal stimuli are perceived by specific sensory receptor systems and 
then conveyed to their respective sensory areas of the CNS, in particular to the thalamus. The 
HPA system involves limbic structures, such as amygdala nuclei, the hippocampus and their 
reciprocal interconnections (see Figure 6). 
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Figure 6. Schematic representation of the neural and neuroendocrine structures involved in the 
response to stress (modified from Tafet, 2003). 
 
The limbic system is a network of structures (amygdala, hippocampus, fornix, cingulate gyrus 
and mammillary bodies), which has very different functions such as emotion, learning, and 
memory. Information is transmitted to the amygdala via direct or indirect circuitries. The 
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direct pathway (thalamo-amygdala circuitry) runs through thalamo-amygdala connections and 
results in a fast and short transmission with a primary representation of the input. Afterwards, 
the primary response is characterized by activating an arousal and alarm reaction. The indirect 
pathway (thalamo-cortico-amygdala circuitry) runs through a higher sensory cortices 
connection, further on to association cortices providing a more complex and elaborated 
information pertaining to the general context from the hippocampus (LeDoux, 1996). Both 
pathways communicate their information to the lateral nucleus of the amygdala, which then 
processes and projects the information to other sections of nuclei of the amygdala. The 
amygdala is essentially involved in the analysis of emotional significance of external 
stressors, either as individual (emotional appraisal of internal stressors) or complex external 
(individual stimuli or as complex situations) stressors or the emotional appraisal of internal 
stressors (LeDoux, 1996; Tafet & Bernardini, 2003). The stress response is monitored by 
central but also peripheral stress systems (Chrousos & Gold, 1992). 
 
1.3.1 The hypothalamus-pituitary-adrenal (HPA) axis  
The link between stress and physiological stress responses has a major impact for this study. 
Thus, the system that is involved in the physiological stress response – the hypothalamus-
pituitary-adrenal (HPA) axis – will be described in the following. 
As mentioned above, the stress system within the CNS is activated in response to specific 
neurosensory signals (visual, auditory, somatosensory, nociceptive, and visceral), and then 
communicated to the respective sensory thalamus, more precisely the primary sensory 
cortices or higher order sensory cortices. As the parasympathetic branch of the central CNS is 
suppressed, the sympathetic branch is activated. Simultaneously, basic sensory information is 
transmitted to the amygdala and attains to association cortices, predominantly the PFC, to 
transitional cortices and the hippocampus. These limbic structures regulate the activation of 
neural and neuroendocrine responses including NE and epinephrine systems in which neurons 
trigger the secretion of NE into the bloodstream via the adrenal vein and exert effects on 
many major organ systems of the body as for instance heart, visceral organs and lungs 
(Kvetnansky & McCarty, 2000) throughout the body. These cerebral blood vessels are 
innervated by nerve fibers that contain acetylcholine (ACh), an important neurotransmitter of 
both the central and peripheral nervous system, which will be, portrayed more detailed later 
(see 1.3.2.1). 
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In addition, the complete body sets itself up for a “fight-or-flight” response by raising heart 
rate, blood pressure and blood flow to the muscles (Cannon, 1929a). Just a few seconds later, 
the body is further activated by the release of epinephrine via the adrenal gland and 
meanwhile, the neuroendocrine system is activated. 
 
1.3.1.1 Organization of the HPA axis 
The stress response is formed by the hypothalamus-pituitary-adrenal (HPA) axis – an 
endocrine system that maintains our energy balance. The activity of the HPA axis is 
characterized by circadian variation and the modulation of feedback mechanisms, which will 
be explained later (see p. 35). First, the organization of the HPA axis will be described. The 
HPA axis involves activation of three structures: the hypothalamus (particularly the 
paraventricular nucleus (PVN)), the anterior pituitary centrally, and the adrenal glands 
peripherally. Corticotropin-releasing hormone (CRH), adrenocorticotropic hormone (ACTH), 
and GCs are hormones involved in this signaling cascade (Rosenzweig, Breedlove, & 
Watson, 2005). In the following, each of the three structures as well as the corresponding 
hormones will be described. 
 
1.3.1.1.1 Hypothalamus 
The hypothalamus is (after the thalamus) the second, relatively small part of the diencephalon 
and comprises less than 1% of our brain volume (see Figure 7). It consists of many distinct 
nuclei that control vital functions and most hormone secretion. 
 
Figure 7. Localization of the hypothalamus and the pituitary gland in the human brain (Kupfermann, 
1991). 
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The hypothalamus plays a major role in homeostasis and is connected to the pituitary by the 
pituitary stalk. First, CRH and arginine vasopressin (AVP) are released from neurons in the 
PVN of the hypothalamus. The PVN is a cell group that is believed to play a key role in 
translating neural activation patterns into specific physiological and behavioral responses 
(Sawchenko, Li, & Ericsson, 2000). CRH is the first of three molecules constituting the signal 
cascade of the HPA axis. CRH is a 41-amino-acid peptide that acts as a hormone regulating 
anterior pituitary function although its central function is to act as a neurotransmitter. For this 
reason it is usually termed corticotropin-releasing factor (CRF). In addition to the CRF-
synthesizing neurons in the PVN, other CRF-expressing cell groups are located in the central 
nucleus of the amygdala, the bed nucleus of the stria terminalis (Charney, 2004), the lateral 
hypothalamic area, parabrachial nuclei, and the dorsal motor nucleus of the vagus. This 
implies that the central CRF system does not only regulate the neuroendocrine but also the 
autonomic and behavioral responses to stressors (Charney, 2004; Dallman, Bhatnagar, & 
Viau, 2000). AVP, on the other hand, also plays an important role particularly during chronic 
stress (Leonard, 2006). 
 
1.3.1.1.2 Pituitary gland 
The pituitary gland is abut 1cm³ in volume and weighs about 1g. It holds an important 
regulatory role with regard to several other endocrine glands and is still controlled by the 
hypothalamus (Rosenzweig, Breedlove, & Watson, 2005). The pituitary gland consists of two 
separate parts: the anterior pituitary (adenohypophysis) and the posterior pituitary 
(neurohypophysis), which have different functions. The posterior pituitary is composed of the 
median eminence, the infundibular stalk, and the neural lobe of the pituitary gland. The axons 
from magnocellular cells in the PVN and supraoptic nucleus pass the infundibular stalk and 
synapse on the capillaries of the posterior pituitary. Oxytocin or AVP are released from the 
terminal directly into the bloodstream once an action potential arrives at a terminal. 
The anterior pituitary is non-neural tissue and consists of three parts: pars distalis, tuberalis, 
and intermedia. Pars tuberalis comprises about 75% of the adenohypophysis with its 
corticotropes. These corticotropes synthesize adrenocorticotropin from its precursor 
proopiomelanocortin (POMC). Supplementary, axons of CRF neurons of the PVN end at the 
median eminence, and CRF secreted from these diffuse into the hypophyseal-portal blood 
supply and pass through to the anterior pituitary. CRF regulates the synthesis of POMC and 
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the secretion of the 39 amino-acid peptide ACTH into the general circulation in the course of 
its action on CRF-receptor-1. ACTH is the second major HPA axis hormone (see Figure 8). 
 
Figure 8. Detailed view of the anterior pituitary gland and its regulation by hypothalamic neurons 
(Rosenzweig, Breedlove, & Leiman, 1996). 
 
AVP potentiates the action of CRF at both hypothalamic and pituitary levels and thereby 
modulates ACTH release. Therefore, AVP and CRH are considered as hormones that interact 
with each other for the purpose of controlling ACTH release (McCann, 1988). While ACTH 
is released within the circulatory system, it moves to the adrenal glands via the bloodstream 
where it regulates and controls the production and release of adrenal cortex hormones. Five 
other main tropic hormones are produced in the anterior pituitary: the thyroid-stimulating 
hormone (TSH), prolactin, the follicle-stimulating hormone (FSH) and luteinizing hormone 
(LH), and the growth hormone (GH). 
 
1.3.1.1.3 Adrenal glands 
The third structures of the HPA axis are the adrenal glands – the target tissue for ACTH that 
is released by the anterior pituitary. The adrenal glands are located bilaterally on top of the 
kidneys (ad-renal) and are supplied with arterial blood. The adrenal glands consist of two 
major portions: the adrenal cortex and the adrenal medulla. The core of the gland is composed 
of the adrenal medulla, which is a portion of the sympathetic nervous system and will be 
discussed later (see 1.3.2.1). The adrenal cortex is arranged on the outside of the gland and 
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covers about 90% of the gland. The adrenal cortex consists of three cell layers: the zona 
reticularis, the zona fasciculata and the zona glomerulosa (see Figure 9). 
 
Figure 9. Adrenal glands and adrenal cortex (Encyclopædia Britannica, 2008). 
 
Underneath the fibrous capsule, the outer zona glomerulosa is located where, 
mineralocorticoids, mainly aldosterone, are synthesized. The next layer is the middle zona 
fasciculate and the inner zona reticularis (Watts, 2000). While the former secrets GCs, the 
latter secrets androgens (mainly dehydroepiandrosterone, DHEA). These steroid hormones 
are termed adrenocorticoids (or adrenal steroids). Adrenal steroids are derived from 
cholesterol by various modifications of its structure. At first, cholesterol has to be released by 
for instance ACTH which binds to its membrane receptor and via the activation of enzymes, 
cholesterol esters turn to free cholesterol and thereby, starting the biosynthetic cascade to 
cortisol – the third major hormone of the HPA axis (Kaplan, 1988). Cortisol belongs to the 
subgroup of the adrenocorticoids – the GCs which are named after their effects on the 
metabolism of carbohydrates including glucose. Cortisol, sometimes also termed 
hydrocortisone, increases the level of blood glucose and accelerates the breakdown of proteins 
(Sapolsky, 2000). 
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1.3.1.2 Control mechanisms 
1.3.1.2.1 Circadian variation 
The activity of the HPA axis is synchronized in a circadian and ultradian rhythm. Central 
pacemakers characterize a circadian variability of the HPA axis activity with its highest 
cortisol production during the second half of nocturnal sleep and the lowest activity in the late 
evening (Chrousos, 1998c; Weitzman et al., 1971). The pattern of ACTH and cortisol 
secretion is characterized by an early morning peak followed by a steadily decline throughout 
the day with lowest levels during the first half of the night (Dallman, Bhatnagar, & Viau, 
2000). This regulation is connected with the light-dark cycle and mediated by the 
suprachiasmatic nucleus (SCN) (Moore, 1992). The SCN obtains direct afferent input from 
the retina and then transmits it to several brain areas including the PVN of the hypothalamus 
with its CRH and ACTH secreting neurons. 
Generation of a baseline ultradian pattern of HPA activity depends on a relatively constant 
oscillation in the activity of parvocellular CRH and vasopressin neurons. An important factor 
involved in CRH and AVP secretion is 5-HT. Serotonin activates CRH neurons in the PVN, 
increases ACTH (Calogero, Bagdy, Moncada, & D'Agata, 1993) and also affects both 
immune and nervous system through the HPA axis (Sodhi & Sanders-Bush, 2004). More 
information on the interconnection of the HPA axis and the serotonergic system will be 
described later (see 1.4).  
 
1.3.1.2.2 Feedback regulation 
The secretion of hormones is regulated by its own feedback control mechanisms. The effects 
of hormones are monitored, evaluated and adjusted to ongoing activities and needs of the 
body. The negative feedback system is the simplest type of endocrine feedback loops: after 
the endocrine gland releases a hormone, it also feeds back so as to inhibit further hormone 
secretion. In order to keep GCs within physiological ranges, the HPA axis is controlled by 
multiple negative-feedback loops (see Figure 10) which are mediated by steroids themselves 
(Keller-Wood & Dallman, 1984). 
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Figure 10. Simplified illustration of the HPA axis (Rosenzweig, 2005). 
 
Cortisol is a lipophilic steroid and thus capable of returning to the pituitary and hypothalamus 
in order to inhibit additional secretion of CRH and ACTH from overshooting and to restore 
the HPA status to the baseline. A central role in negative feedback regulation of the HPA axis 
is attributed to the hippocampus with its numerous projections to the hypothalamus. For the 
regulation of the HPA axis, two receptors are used – the type I or mineralcorticoid receptor 
(MR) and the type II or glucocorticoid receptor (GR). MRs are thought to control feedback 
during basal activity of HPA axis, and GRs regulate feedback phases of higher HPA axis 
activity, circadian peak or after stress (Jacobson & Sapolsky, 1991).  
 
1.3.2 Sympathetic nervous system (SNS) 
1.3.2.1 Anatomy and neurotransmitters of the autonomic nervous system 
The sympathetic nervous system (SNS) is the second system that is involved in physiological 
stress responses and one of three major divisions of the autonomic nervous system (ANS) 
beside the parasympathetic and enteric nervous system. Given that focus of this thesis is on 
the endocrine stress response, anatomy and the role of the SNS in stress will be described 
briefly. 
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Preganglionic cells of the SNS are located exclusively in the spinal cord, more detailed in the 
thoracic and lumbar regions. Axons of these neurons innervate a chain of ganglia, which run 
along each side of the spinal column (sympathetic chain). Whereas the SNS manages the 
“fight-or-flight” response as suggested by Cannon (Cannon, 1929b), the parasympathetic 
nervous system (PNS) is responsible for “rest-and-digest”. The ANS itself principally controls 
smooth muscle, heart muscle and the endocrine glands. In sum, the autonomic sympathetic 
activation leads to bodily actions such as increased blood pressure, opened pupils of the eyes 
or increased heart rate. Thus, this system is also termed the involuntary motor system. 
The synapses of the ANS utilize the neurotransmitters ACh and NE. Preganglionic neurons 
communicate to their postganglionic neurons by using ACh and postganglionic 
parasympathetic neurons secrete ACh at their neuroeffector terminals (Rosenzweig, 
Breedlove, & Watson, 2005). Sympathetic fibres secrete NE at their effectors except for two 
situations: (1) specific sweat glands of the palms of the hands and soles of the feet as well as 
the (2) the medulla of the adrenal gland are activated by ACh. Small neurons which 
communicate directly between the larger pre- and postganglionic neurons secrete dopamine 
(DA), which inhibits the ganglionic neurons (Lovallo & Sollers, 2000). Next to these classic 
neurotransmitters, autonomic neurons also co-release neuromodulators such as, purine 
nucleotides, neuropeptides as for instance neuropeptide Y (NPY), as well as nitric oxides 
(NO) (Vinken, Bruyn, & Appenzeller, 1999). 
 
1.3.2.2 Role of the SNS in stress 
The function of the SNS activation comprises the maintenance of homeostasis and is 
important for mild to moderate exercise or thermoregulation. In reply to perceived global, 
metabolic threats such as hemorrhage, hypoglycemia, shock, as well as psychological stress, 
there is an increased neural outflow to the adrenal medulla, which leads to catecholamine 
secretion. Secreted catecholamines are the hormones NE and epinephrine, which are 
synthesized in adrenal chromaffin cells from the amino acid precursor tyrosine. Then, tyrosine 
is converted to L-dihydroxyphenylalanine (DOPA) by the enzyme tyrosine hydroxylase. 
DOPA in turn is converted into dopamine by aromatic-L-amino-acid decarboxylase and 
dopamine is then taken up into storage vesicles and converted into NE by dopamine-β-
hydroxylase. The final step in catecholamine biosynthesis is the conversion of NE to 
epinephrine by phenylethanolamine-N-methyltransferase. Norepinephrine and epinephrine are 
stored in granules of separate populations of chromaffin granules and released via exocytosis. 
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The adrenal medulla is the only source of circulating epinephrine in all mammalian species 
including humans, while NE released from the adrenal medulla makes up to only 35% of 
levels measured in bloodstream. The remaining 65% are a small proportion of NE that is 
released locally from sympathetic nerve terminals that reach the bloodstream (Goldstein, 
2000; Kvetnansky & McCarty, 2000). 
Accumulating evidence proposes an independent regulation of SNS and sympathoadrenal 
system, i.e. that each of the two systems can be activated independently from the other by 
distinct stimuli. Whereas cold exposure or postural changes primarily involve SNS activity, 
mental effort and caffeine ingestion are considered stimuli for the adrenal medulla. When 
SNS activity is suppressed by fasting, the adrenal medullary responses to various stimuli are 
enhanced. Catecholamine applications and in particular epinephrine mimic direct sympathetic 
stimulation, although the effects last significantly longer. A distinction must be made between 
neural and hormonal effects given that the latter can also reach organs without direct 
sympathetic innervation. The sympathoadrenal system is often designated as sympathetic 
adrenal medullary (SAM) axis and the SAM response with release of primarily epinephrine 
“fight-or-flight” response (Goldstein, 2000; Kvetnansky & McCarty, 2000). As described 
above, catecholamines stimulate the release of CRH and consequently, the HPA axis. 
 
1.3.3 Interaction of both stress systems 
For the stress response, both the HPA and the SNS are of particular interest. Fear-signaling 
impulses activate both systems at the hypothalamus. The HPA axis and the SNS are the 
peripheral limbs of the stress system with the main function to maintain basal and stress-
related homeostasis (Chrousos, 1995). CRH and noradrenergic neurons of the CNS innervate 
each other, more precise there are reciprocal neural connections between CRH and brainstem 
noradrenergic neurons of the CNS stimulating each other (see Figure 1). CRH stimulates 
secretion of NE through specific receptors and NE stimulates the secretion of CRH likewise. 
CRH and NE collateral fibers inhibit presynaptic CRH and α2-noradrenergic receptors via 
autoregulatory negative-feedback loops. 
Besides, there are many variables that affect both systems and need to be considered with 
respect to the stress response. 
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1.3.4 Relationship between modulating variables and GCs 
Numerous factors seem to modulate the GC response to acute psychosocial stressors as the 
TSST (for a review see Kudielka & Kirschbaum, 2005). One of the most often reported and 
studied factor in cortisol responsiveness is gender. Differences in healthy subjects mostly 
reveal 1.5- to 2-fold higher increases of cortisol response in men in comparison to women 
(Kirschbaum, Wust, & Hellhammer, 1992). Kudielka et al. (2005) concluded that either 
gender differences in the limbic system and in cognitive processing or a different circulation 
of sex steroids and CBG levels are responsible for these different HPA axis responses to 
stress (Kudielka & Kirschbaum, 2005). Men bear an elevated risk for diseases that lead to 
higher cortisol levels as for instance cardiovascular diseases or diabetes, whilst women appear 
to be at greater risk for hyporeactivity of the HPA axis which is associated with an increased 
risk for autoimmune diseases (Kudielka & Kirschbaum, 2005). On the other hand, there are 
many studies in infants that did not find any difference between genders (Larson, Gunnar, & 
Hertsgaard, 1991; Lewis & Thomas, 1990). Therefore, we also considered gender as a 
covariate in our analyses (Kudielka et al., 1998). 
The endocrine stress response of women to the TSST varies within their menstrual cycle 
phase. Women measured in the luteal phase show high responses comparable to those seen in 
men while women measured in the follicular phase usually show much lower responses 
(Kirschbaum, Kudielka, Gaab, Schommer, & Hellhammer, 1999). Attenuated cortisol 
responses have also been shown in women using oral contraceptives (Kirschbaum, Kudielka, 
Gaab, Schommer, & Hellhammer, 1999; Kirschbaum, Pirke, & Hellhammer, 1995) as well as 
in habitual smokers (Kirschbaum, Scherer, & Strasburger, 1994) or in anticipation of surgery 
(Udelsman & Chrousos, 1988), during minor daily stressors (van Eck, Berkhof, Nicolson, & 
Sulon, 1996) and after major life events (Cohen, Tyrrell, & Smith, 1993). 
There is also mounting evidence on the association between depression and hypocortisolism 
(Gibbons & McHugh, 1962; Gold et al., 1986). Depressive patients show increased levels of 
cortisol and blunted diurnal profiles reflecting a dysregulation in basal HPA functioning 
(Gibbons & McHugh, 1962). 
Another remarkable factor impacting on the HPA axis is chronic stress (Schulz, Kirschbaum, 
Pruessner, & Hellhammer, 1998). In a study by Schulz et al. (1998), chronically stressed 
subjects had a significantly larger increase in cortisol in comparison to unstressed subjects. 
Besides, Schlotz et al. (2004) showed that the cortisol awakening response (CAR) is 
associated with high work-load (Schlotz, Hellhammer, Schulz, & Stone, 2004). 
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Such as chronic stress in mothers has been associated with hyperactivity of the infants’ 
endocrine and behavioral stress responses (Maccari et al., 2003; Matthews, 2002; Sodhi & 
Sanders-Bush, 2004; Weinstock, 2001). Increased ACTH and cortisol levels in stressed 
pregnant women appear to pass on the stress effects to the child as GCs (Wadhwa, Dunkel-
Schetter, Chicz-DeMet, Porto, & Sandman, 1996), released from the maternal adrenal gland 
can partially pass the placenta and subsequently might impact on the fetal organism (Gitau, 
Cameron, Fisk, & Glover, 1998; Wadhwa et al., 2002; Weinstock, 2001). In consequence, 
stress during pregnancy acts on the fetus and may communicate environmental influence from 
the mother to the fetus. Sodhi (2004) claimed that the early postnatal period is also a critical 
time for the development of several psychiatric disorders. 
However, not only environmental factors seem to impact the stress reactivity of the HPA axis 
but also genetic background (Barr, Newman, Shannon et al., 2004; Bartels, Van den Berg, 
Sluyter, Boomsma, & de Geus, 2003; Uhart, McCaul, Oswald, Choi, & Wand, 2004). This 
will be discussed in a broader context shortly (see 1.3.9). 
Taken together, as large inter-individual variability remains a stable finding, it is important to 
consider all of these variables repeatedly observed to modulate cortisol stress responses. 
Among these are genetic predisposition, personality and coping style, age, gender, menstrual 
cycle, oral contraceptives, smoking, and early experiences (Biondi & Picardi, 1999; 
Kirschbaum & Hellhammer, 1994; Kudielka & Kirschbaum, 2005). 
 
1.3.5 Protective effects of the stress response 
Glucocorticoids influence metabolic and immune processes, adapt the organism to changing 
demands and promote the organism’s survival (Chrousos, 2000; Chrousos & Gold, 1992; 
Kirschbaum & Hellhammer, 1989). Chrousos (1998a) stated that the activation of stress 
systems are normally adaptive and improve chances of an individual for survival by leading to 
behavioral and physical changes (as listed in Table 1). This is in line with Levine & Ursin’s 
(Levine & Ursin, 1991) concept of stress. 
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Table 1. Behavioral and physiological adaptation during acute stress (Chrousos, 1998a). 
Behavioral adaptation 
- Adaptive redirection of behavior - 
Physical adaptation 
- Adaptive redirection of energy - 
Increased arousal and alertness Oxygen and nutrients directed to the CNS 
and Stressed body site(s) 
Increased cognition, vigilance, and 
focused attention 
Altered cardiovascular tone, increased blood 
pressure and heart rate 
Euphoria or dysphoria Increased respiratory rate 
Heightened analgesia Increased gluconeogenesis and lipolysis 
Increased temperature Detoxification from toxic products 
Suppression of appetite and feeding 
behavior 
Inhibition of growth and reproductive 
systems inhibition of digestion-increased 
colonic motility 
 
Suppression of reproductive behavior Containment of the inflammatory-immune 
response 
 
Containment of the stress response  Containment of the stress response 
 
In general, the anterior pituitary secrets GCs (in particularly cortisol) that exert widespread 
metabolic effects. GCs are predominantly involved in the mobilization of energetic resources 
(primarily by elevating glucose levels) in order to cope with the stressful situation after the 
rise in glucose levels in the blood (Munck, Guyre, & Holbrook, 1984). The marked anti-
inflammatory effect of GCs leads to the inhibition of swelling around injuries or infections. 
Cortisol is also an important regulator of other physiological systems as for the instance 
immune system and its anti-inflammatory role is very important in regulating inflammation 
by inhibiting proteins that are relevant for the regulation of inflammation. It is furthermore 
necessary to maintain several cardiovascular functions, e.g., vasoconstriction or heart rate. 
More acute effects would be increased arousal, focused attention, fear memory formation and 
fear learning (Charney, 2004). GCs in addition work together with the SNS and glucagons 
that are released by the pancreas.  
While Chrousos et al. (1998a) considered the mechanisms and effects of stress system 
activation, Munck et al. (1984) and Sapolsky et al. (2000) focused on differential effects of 
ANS and HPA axis hormones as well as the time-course of stress secretion and effectiveness. 
Munck et al. (1984) were the first to integrate the suppressive effects of GCs into physiology. 
Munck’s work was a milestone in the GC physiology since his concept pointed out that the 
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physiological function of stress-induced GC levels was to protect against the source of stress 
itself but also against the normal defense reactions, which are activated by stress. He 
postulated that that shutting off of defense mechanisms would occur after the stressor has 
ended, based on the fact that GCs are secreted with a substantial delay after the onset of stress 
and their genomic action, which involve additional time to be effective. He, further on, 
differentiated immediate from delayed effects of GCs (1984). Later, the idea of a delayed 
defense reaction preventing GCs from overshooting and excessive inflammation or 
vasoconstriction was affirmed by Sapolsky et al. (2000). Moreover, Sapolsky distinguished 
two classes of GC actions: Firstly, the modulating actions that alter an organism’s first wave 
response to stress and secondly, preparative actions to a subsequent stressor or aid in adapting 
to a chronic stressor. Hereby, first wave mechanisms were additionally divided into three 
subclasses, resulting in four classes of GC actions (permissive, suppressive, stimulating and 
preparative actions). 
 
1.3.6 Further effects on cardiovascular, metabolic and neurobiological 
systems 
While basal and stress functions as well as anti-inflammatory function of GCs have been 
highlighted already, its impact on the cardiovascular, metabolic and neurobiological systems 
shall be depicted at this point. Catecholamines and CRH mediate the fast activation of the 
cardiovascular system which involves elevated arterial pressure, heart rate, and cardiac 
output, diversion of blood to muscle and dilation of vessels supplying skeletal muscles 
(Galosy, Clarke, Vasko, & Crawford, 1981; Sapolsky, Romero, & Munck, 2000). This has 
been identified as the “fight-or-flight” response by Walter Cannon in 1929 (Cannon, 1929b). 
It is also known that GCs also increase blood pressure and cardiac output (Sambhi, Weil, & 
Udhoji, 1965). This effect on the cardiovascular system is mediated by the SNS and 
catecholamine secretion, which then is sequentially stimulated by the central CRH (Vale et 
al., 1983). Taken together, this underscores the permissive function of GCs. 
During acute stress, blood glucose levels are rapidly elevated by mobilization from existing 
stores. Besides, further storage is inhibited through a rapid insulin resistance since 
catecholamines, glucagon, and GH ensure that energy is mobilized from storage sites to 
exercise muscle. GCs serve to increase circulating glucose concentrations by stimulating 
gluconeogenesis and glycogen mobilization while on the other hand, they inhibit peripheral 
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glucose transport and utilization. They furthermore mobilize lipids through lipolysis in fat 
cells and amino acid through inhibition of protein synthesis and stimulation of proteolysis in 
various muscle types (Sapolsky, Romero, & Munck, 2000). Here, they synergize with 
catecholamines, glucagon and GH (Dallman et al., 1993). 
In brief, GCs show many neurobiological effects with regard to cerebral glucose transport and 
utilization, appetite and feeding but also memory formation. During the first wave of stress, 
GCs increase appetite in order to increase energy availability in a subsequent stress situation. 
Besides, during acute stress catecholamines mediate enhanced memory formation (McEwen 
& Sapolsky, 1995; McGaugh, 1989). Thus, GCs at basal levels can be regarded as permissive. 
Glucocorticoids exert more multifaceted effects on memory formation. While lower 
concentrations during the diurnal rise enhance hippocampal plasticity, high levels of GCs to 
suppress hippocampal excitability (Diamond, Bennett, Fleshner, & Rose, 1992). 
Taken together, effects of basal GC concentrations can be categorized as permissive or 
advantageous to the organism since they enhance memory function and help to mediate the 
effects of the first wave of stress. Conversely, at high stress-induced levels of GC they can be 
considered suppressive, while the biological role remains unclear (Sapolsky, Romero, & 
Munck, 2000). 
 
1.3.7 Damaging effects of the stress response 
The HPA system is dysregulated under chronic stress which results in pathophysiological 
changes and in the long run leads to the development of various types of disorders (Gold et 
al., 1986; Selye, 1950). It is broadly known that chronically depressed patients show greater 
cortisol responses (Gold et al., 1986) and that stressful periods cause a hyperreactive HPA 
axis with elevated corticosterone levels leading to the Cushing syndrome, a state of excessive 
release of GCs by the adrenal cortex (Chrousos, 2000; Fries, Hesse, Hellhammer, & 
Hellhammer, 2005). Beyond, this leads to a hormonal milieu that contributes to the 
development of visceral obesity, hypertension, atherosclerosis, osteoporosis and immune 
dysfunction (Chrousos & Kino, 2007). Chronic hypersecretion of CRH might have led to a 
reset of the HPA axis in chronically stressed individuals. In animal studies, high levels of GCs 
have also been shown to result in impaired hippocampal functioning and increased 
hippocampal neural loss (De Kloet, Vreugdenhil, Oitzl, & Joels, 1998; Meaney, Aitken, van 
Berkel, Bhatnagar, & Sapolsky, 1988). 
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The stress responses are normally seen as adaptive and improving chances of an individual for 
survival. Nevertheless, stress system dysfunctions are linked to a variety of 
pathophysiological states, including psychiatric, endocrine, and inflammatory disorders 
and/or susceptibility to these disorders. Chrousos et al. (1998a) distinguished between HPA 
axis hyperactivity and hypoactivity and summarized states associated with such altered HPA 
axis activities concerning this matter (see Table 2). 
 
Table 2. States associated with altered HPA axis activity and altered regulation or dysregulation of 
behavioral and/or peripheral adaptation (Chrousos, 1998a). 
Increased HPA axis Decreased HPA axis 
Chronic stress Diabetes mellitus 
 
Adrenal insufficiency 
Melancholic depression Central obesity 
(metabolic syndrome X) 
 
Atypical-seasonal 
depression 
Anorexia nervosa Childhood genderual abuse 
 
Chronic fatigue syndrome 
Malnutrition 
 
Psychosocial short stature Fibromyalgia 
Obsessive-compulsive disorder Attachment disorder of 
infancy 
 
Hypothyroidism 
Panic disorder 
 
Gastrointestinal disease Nicotine withdrawal 
Excessive exercise (obligate 
athleticism) 
 
Hyperthyroidism Post-GC therapy 
Chronic active alcoholism Premenstrual tension 
syndrome 
Post-Cushing syndrome 
cure 
Alcohol and narcotic withdrawal Pregnancy (last trimester) Postpartum period 
 
1.3.8 Allostatic load 
In case of insufficient recovery, a repeated activation of the HPA axis can cause an increased 
cortisol levels with age (Sapolsky, Krey, & McEwen, 1985). In addition, decreased activity of 
the hypothalamic CRH neurons can lead to a blunted HPA response to stress (Ma, Lightman, 
& Aguilera, 1999). The concept of allostatic load by McEwen (1998) reflects the difficulties 
appearing when excessive allostatic changes and allostatic operations occur on too high or too 
low levels. Overstimulation or irregular performance can lead to allostatic load, i.e., recurrent 
activation of allostatic systems, an inadequate response or the failure to shut off allostatic 
activity after stress (McEwen, 1998). It is important to note, however, that the consequences 
of allostatic load are not only adverse but can trigger advantageous suppression of 
autoimmune and inflammatory responses as well (McEwen, 2000). Moreover, 
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hypocortisolism can lead to symptoms as pain and fatigue (Fries, Hesse, Hellhammer, & 
Hellhammer, 2005) but it might also represent a protective response that diminishes chronic 
HPA axis activity and thus, dampens the harmful effects of the GC response to chronic 
stressors. 
Taken together, it is now accepted that there are several protective and beneficial effects of 
stress as e.g., suppressive outcomes, injury and also behavioral and physical adaptation 
including enhanced arousal and accelerated motor reflexes. Furthermore, cognitive function, 
vigilance and attention is increased during behavioral adaptation (Chrousos, 1998a). On the 
other hand, long lasting and repetitive activation without recovery (allostatic load) leads to 
psychopathological changes and could damage HPA axis activity and lead to various diseases 
(Chrousos, 1998a; Selye, 1936). 
However, as mentioned before multiple factors play a role for the modulation and result of the 
stress response (as seen in the model of allostatic load in Figure 11). 
 
Figure 11. The stress response and development of allostatic load (McEwen and Seeman, 1999). 
 
1.3.9 Genetic influence on stress reactivity 
It is known that genes have a potential impact on disease states, in particular in behavioral 
disorders (Bigos & Hariri, 2007; Levinson, 2005). Either directly or in concert with 
environmental events, genetic mechanisms can cause profound disease (Bigos & Hariri, 
2007). Therefore, it is not surprising that genes seem to offer the potential to identify 
individuals with a high susceptibility for a disease or biologic pathways for new treatments. A 
biological key mechanism to relate human behavior to genetics is the investigation of genetic 
polymorphisms since they exhibit functional variations in genes and might lead to an 
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enhanced understanding of human behavior (Hariri, Drabant, & Weinberger, 2006). However, 
it should be noted that the effect of genes are not expressed directly on the behavior level. 
Therefore, molecular and cellular effects on several information processes in the brain are 
necessary to link genes and behavior (Hariri & Holmes, 2006). 
In a review on twin studies by Bartels et al. (2003) it was shown that heritable influences 
account for approximately 50-62% of the etiological variance in the GC response to stress. 
For instance, the neurotransmitter GABA, which is the main inhibitory neurotransmitter in the 
mammalian CNS, inhibits the HPA axis through its actions on GABA receptors expressed by 
CRH neurons within the PVN of the hypothalamus (Herman & Cullinan, 1997; Jessop, 1999). 
Uhart et al. (2004) showed that the T1521C SNP of the GABRA6 gene is associated with a 
distinct decrease in HPA axis, blood pressure response to psychological stress, and also with 
lower scores on the personality factor of extraversion as assessed by the Revised Neuroticism-
Extroversion-Openness Personality Inventory (NEO PI-R). 
Several other polymorphisms have been associated with alterations in HPA axis functioning 
(Derijk & de Kloet, 2008; Wüst et al., 2004). However, it is certainly impossible to give a 
complete description of all variants of genes that affect HPA axis regulation. In this thesis, 
focus was on the interaction of HPA axis and the serotonergic system, which will be 
described below. 
 
1.4 Genetic variation of 5-HTTLPR and HPA axis activity 
Several lines of evidence suggest that the HPA axis is under partial control of the serotonergic 
system (Chaouloff, 2000; Fuller, 1996a) (see Figure 12). It is important to note that 5-HT can 
alter HPA axis function via hypothalamic, pituitary and adrenal levels (Chaouloff, 2000). 
While an acute stress-induced rise in cortisol has been shown to increase 5-HT turnover in 
mice (Davis & Emory, 1995), chronic stress seems to  increase plasma cortisol and to reduce 
5-HT turnover and release (Leonard, 2006). An enhanced 5-HT uptake in the synaptic left that 
is engaged by stress-induced cortisol levels will raise the tonic level of 5-HT as well as its 
reuptake after the neuronal impulse (Tafet, Toister-Achituv, & Shinitzky, 2001). Another 
animal study showed that mice with diminished or absent function of the 5-HTT gene 
exhibited greater increases in ACTH in response to stress (Li et al., 1999). Therefore, 5-HT 
and GCs transduction systems seem to mutually influence each other. Thus, changes in the 
function of the serotonergic system reflect the nature and duration of the stressor. 
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Figure 12. The influence of 5-HT on the HPA axis (Andrews & Matthews, 2004). 
 
In the diversity of physiologic function of 5-HT, the secretion of 5-HT also mediates stress 
and pain. According to the diathesis-stress theory, HPA axis and stress reactivity might be 
modulated by genetic vulnerability interacting with major life stressors as it was shown for 
the association with depression (Caspi et al., 2003; Firk & Markus, 2007). Glatz et al. (2003) 
summarized that variation in 5-HT function may modulate the development of stress-related 
disorders in susceptible individuals. Accordingly, 5-HT also affects immune and nervous 
system functions through the HPA axis (Sodhi & Sanders-Bush, 2004) since 5-HT is an 
excitatory transmitter that modulates the release of both CRH and AVP (Calogero, Bagdy, 
Moncada, & D'Agata, 1993; Fuller, 1996a). 
Although the causal relation between HPA axis alteration and psychopathology has not been 
elucidated exhaustively, it might be hypothesized that individual differences in HPA axis 
activity influence individuals’ vulnerability for psychopathology (Dallman et al., 1987; Fries, 
Hesse, Hellhammer, & Hellhammer, 2005). The activity of the HPA axis is for example 
altered in depression leading to a hypersecretion in CRH and ACTH which then seems to 
damage the hippocampus (Chrousos, 1998b; Rota et al., 2005). Rota et al. (2005) could show 
that antidepressants can modulate HPA axis function and might finally be capable of 
normalizing HPA activity (Rota et al., 2005). Hence, it is not surprising that alterations of the 
HPA axis are linked to psychopathology, e.g., depression or anxiety disorders (Chrousos, 
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2000; McEwen, 2005; Selye, 1936). Several lines of evidence suggest that antidepressants 
including SSRI may have intrinsic neuroendocrine effects on central HPA axis components 
and lead to an inhibition of CRH release (Rota et al., 2005). Consistent findings show that 5-
HT receptors seem to be involved in the regulation of the HPA axis as it activates 
corticosterone and ACTH (Fuller, 1992) and enhances negative feedback (Porter, Gallagher, 
Watson, & Young, 2004). 
 
1.4.1 5-HTTLPR and HPA axis interaction in animal studies 
Since HPA axis activity is under partial control of the serotonergic system (Fuller, 1996b; 
Lowry, 2002; Porter, Gallagher, Watson, & Young, 2004), it might be influenced by the 5-
HTTLPR as well. As a consequence, HPA axis might be an important mediator of the 
association between the 5-HTTLPR and psychopathology. Ansorge et al. (2004) described 
that genetic polymorphisms that reduce 5-HTT expression may possibly impact on the early 
development of the CNS which subsequently are capable of modifying emotional responses to 
stress. In an animal study with rhesus macaques, Barr et al. (2004) showed an association 
between the S allele of 5-HTTLPR and a dysregulation of HPA axis functioning with early 
environmental conditions influencing this association. S allele carriers of an analogous 
serotonin transporter polymorphism in rhesus macaques (rh5-HTTLPR) showed an increased 
secretion of ACTH in response to stress when they experienced adverse rearing conditions 
(peer-reared) during childhood. Conversely, carriers of the S allele without critical rearing 
conditions (mother-reared) showed a normal ACTH response to separation stress. The study 
of Barr et al. (2004) accentuated the importance of environmental factors for the association 
between 5-HTTLPR genotype and HPA axis functioning. In another study, Barr et al. (2004) 
found increased ACTH levels after stress in female rhesus macaques with early life stress 
only, which leads to the assumption that females carrying could be more vulnerable to early 
life stress (Barr, Newman, Schwandt et al., 2004). Since early stress can impact on the 
development of the HPA axis (Essex, Klein, Cho, & Kalin, 2002; Matthews, 2002; 
Weinstock, 1997), an early sensitivity to stress might concur to the pathogenesis of 
psychiatric disorders as for instance depression or anxiety. 
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1.4.2 5-HTTLPR and HPA axis interaction in human studies 
Recent results by O’Hara et al. (2007) revealed that serotonergic neurotransmission is 
involved in both activation and feedback control of the HPA axis in elderly people. They 
revealed that waking cortisol differed significantly between the three 5-HTTLPR groups in 
older adults. Higher waking cortisol values was found in subjects with at least one S allele 
(O'Hara et al., 2007). However, a main effect of 5-HTTLPR genotypes on HPA axis 
parameters has been reported in one human study so far which might be due to the fact, that in 
both animal and human studies the 5-HTTLPR genotype effects were studied with individuals 
being well into childhood, adolescence, or adulthood, respectively. Gotlib et al. (2008) 
revealed that girls homozygous for the S allele show stronger cortisol responses than girls 
with at least one L allele (Gotlib, Joormann, Minor, & Hallmayer, 2008). It should be noted 
that they investigated only girls aged 9 to 14 with a slightly different stress task than the 
TSST and excluded several outliers not elaborately described. On the contrary, Wüst et al. 
(2009) could not find an effect of 5-HTTLPR on stress reactivity after the TSST. 
Oberlander et al. (2008) revealed a moderating role of 5-HTTLPR between adverse neonatal 
outcomes and gestational SSRI exposure in infants. In their study, adverse neonatal outcome 
were observed in exposed neonates and with the S/S genotype of 5-HTTLPR. 
However, results supply additional support to the association of the HPA axis activity and the 
serotonergic system (Lowry, 2002; Wüst et al., 2009). Tafet et al. (2003) suggested that there 
is a link between high cortisol levels are due to a HPA dysregulation and decreased 
serotonergic activity (Tafet & Bernardini, 2003). Psychosocial stress has been widely 
acknowledged as an important trigger in the development of a variety of clinical diseases, 
predominantly anxiety and mood disorders (Post, 1992; Tafet & Bernardini, 2003). Various 
neurotransmitter systems have been examined due to their physiopathology in the CNS and 
their potential role in the foundation and development of depression. The serotonergic 
hypothesis of depression claims a deficient serotonergic neurotransmission in the CNS being 
responsible for a higher vulnerability to this disorder (Tafet & Bernardini, 2003). Although 
individual differences in HPA axis activity might impact on individual’s vulnerability for 
psychopathology (Chrousos, 2000; Dallman et al., 1987; Fries, Hesse, Hellhammer, & 
Hellhammer, 2005; McEwen, 2005), a definite causal relation between HPA axis alterations 
and psychopathology remains uncertain. 
 
THEORETICAL BACKGROUND 
 42 
1.4.3 Genetic variation of 5-HTTLPR and fear/anxiety 
Imaging data indicate that the amygdala response to anxiety-related stimuli as well as the 
connectivity of the amygdala with prefrontal brain structures is differentially modulated by 
the 5-HTTLPR. In carriers with the S allele, greater amygdala neuronal activity as well as 
dysfunctional amygdala-prefrontal coupling in reaction to fearful/anxiety-related stimuli has 
been revealed compared with individuals homozygous for the L allele (Canli et al., 2005; 
Furmark et al., 2004; Hariri et al., 2002; Heinz et al., 2005; Pezawas et al., 2005). Canli et al. 
(2005) interpreted this finding to be driven by increased resting amygdala activation rather 
than an increased activation to negative stimuli. These results suggest that individuals with the 
S allele of 5-HTTLPR possess a greater excitability of the amygdala, that is not explained by 
cognitive processes or performances, alertness or perception, and which may finally 
contribute to the increased fear and anxiety. In this context, Furmark et al. (2004) revealed 
increased levels of trait anxiety, state anxiety and in addition activation in the right amygdala 
is increased in patients with social phobia with at least one S allele in comparison to those 
with two L alleles. Garpenstrand et al. (2001) found that individuals with low transcriptional 
activity show a better acquisition of conditioned fear than those with a genotype with high 
activity. 
 
1.4.4 Summary and conclusion 
The sections above gave an outline of the development of stress concept, the physiology of 
central and peripheral stress systems, as well as their activation. In addition, protective and 
damaging effects of stress mediators were described. Psychosocial stress was shown to 
activate the HPA axis as with its major end product cortisol were shown to have various and 
complex effects on many important body systems. Most important to the present work, 
several other modulating variables impact on the HPA axis activity. However, a directly 
related question and one of the main questions of this thesis is: How do genetic and 
environmental interact with each other and impact on the endocrine stress response? 
Given the theoretical background regarding the endocrine stress responses outlined in the 
previous sections, the uniqueness and novelty of the gene-environment interaction approach 
regarding the stress response should become apparent in the following sections. 
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1.5 Gene-environment interaction 
1.5.1 Early life stress and development of psychopathological behavior 
As discussed previously, early life stress seems to have major impact on HPA axis 
functioning and individuals’ wellbeing generally. The first years of life have a major impact 
on the individual’s physiological and psychological development as well as behavior (Higley, 
Hasert, Suomi, & Linnoila, 1991). In this regard, Kaufman (2004) revealed that early life 
stress increases vulnerability for psychopathological disorders as well as aggression and 
violence in humans (Kaufman et al., 2004). Consistent findings have associated childhood 
treatment (child abuse, physical and emotional neglect) with aggressive, violent, impulsive 
and antisocial behavior (Famularo, Fenton, & Kinscherff, 1993; Wolfner & Gelles, 1993). In 
an animal study, Veenema et al. (2006) showed that early life stressor impact on adult male 
aggression as well as the hypothalamic AVP expression and 5-HT immunoreactivity. In this 
study, they implemented maternal separation as early life stressor and thereby induced 
changes in the hypothalamic AVP and 5-HT systems. In another animal study, Veenema et al. 
(2008) asserted early life stress to increase vulnerability to stress-related mood disorder and 
inflammatory disorders. They found that early life stress (maternal separation) and subsequent 
chronic stress (colony housing) induced endocrine abnormalities in adult male mice. 
 
1.5.2 Interaction of early life stress and 5-HTTLPR 
Even though genes partially determine inter-individual differences in susceptibility to many 
diseases, an increasing number of studies suggest that environmental factors and especially 
gene-environment interactions play a pivotal role in the etiology of psychopathology (Caspi et 
al., 2003; Kendler, Kuhn, Vittum, Prescott, & Riley, 2005; Neumeister et al., 2002). The 
relative influence of genetic and environmental factors on human temperamental and 
behavioral differences is one of the most prolonged and contentious disputes in research. 
Increasingly strong data from recent human and animal studies show the importance of 
environmental factors for the association between 5-HTTLPR and psychopathology (Barr, 
Newman, Schwandt et al., 2004; Barr, Newman, Shannon et al., 2004; Caspi et al., 2003). A 
relative reduction of 5-HTT gene transcription is related to psychopathology in association 
with the experience of SLEs (Caspi et al., 2003; Hariri, Drabant, & Weinberger, 2006; 
Kendler, Kuhn, Vittum, Prescott, & Riley, 2005; Neumeister et al., 2002). Caspi et al. (2003) 
found a modulating effect of the 5-HTTLPR polymorphism on the role of SLEs in the 
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development of depression. Individuals carrying the S allele of the 5-HTTLPR who 
experienced SLEs (such as childhood abuse, threat, loss, or humiliation) showed an increased 
risk for major depression or suicidal ideation. On the contrary, L allele carriers were not at 
greater risk for depression irrespective of the number of experienced SLEs suggesting gene-
environment interaction. Similar evidence for this gene-environment interaction has been 
found by Grabe et al. (2005). Here, only females with the S allele of 5-HTTLPR showed an 
interaction with life stressors. Accordingly, S allele carriers seem to be more vulnerable in 
developing a depression when exposed to a number of SLEs. Kaufman et al. (2004) also 
found an interaction between 5-HTTLPR and maltreatment in childhood in the vulnerability to 
developing depression by showing that aggressive behavior of male adult rats increased when 
the experienced early life stress. Thus, mental and physical distress seems to be modulated by 
5-HTTLPR in interaction with social stressors and chronic disease burden (Surtees et al., 
2006). 
While several groups could replicate the association between 5-HTTLPR and depression 
(Bennett et al., 2002; Eley et al., 2004; Kendler, Kuhn, Vittum, Prescott, & Riley, 2005; 
Neumeister et al., 2002), conflicting results also exist (Gillespie, Whitfield, Williams, Heath, 
& Martin, 2005; Ohara, Nagai, Tsukamoto, Tani, & Suzuki, 1998). 
Murphy et al. (2004) stated that 5-HTTLPR modulates rather than directly provokes 
depression. Their review focuses on the pharmacogenetical background of serotonergic 
transmission showing that 5-HTT might lead to an increased vulnerability to adverse events 
after exposure to stressful life experiences. Given that SLEs seem to have impact on the HPA 
axis activity (Barr, Newman, Shannon et al., 2004), it is necessary to take experiences of 
SLEs into account. 
In closing, there seems to be an increasingly divergent path from genes to behavior (Hariri, 
Drabant, & Weinberger, 2006), in which genetical background, environmental influences lead 
to complex behavior (see Figure 13). 
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Figure 13. Schematic illustration of the path from genes to behavior: how genes influence behavior 
and psychopathological dimensions (modified from Lesch, 2007). 
 
In a recent meta-analysis authors analyzed this nonreplication of the association between 
genotype, SLEs, and depression (Risch et al., 2009). They concluded that adding 5-HTTLPR 
genotypes does not improve the prediction of the risk of depression associated with exposure 
to negative life events. However, comparability of the studies was limited since samples, 
study design, measures as well as analyses differed highly. Uher et al. (2008) argued that 
nonsignificant GxE (gene-environment interaction) results might often be moderated by age 
and gender. This again underlines the importance of using age and gender as covariates. 
 
1.6 Gene-gene interaction (epistasis) 
Given that the effect of a functional variation in a single gene on a complex emotional trait is 
not only modified by gene-environment interaction, potential additive or nonadditive gene-
gene interactions (i.e., epistasis) have to be taken into consideration. Genetic background has 
been shown to influence psychopathological-related endophenotypes and gene-gene 
interactions have become increasingly important for diagnostic and therapeutic approaches, 
brain development and also in neuroplasticity (Benjamin et al., 2000; Gonda, 2007; Mandelli 
et al., 2007; Schmidt, Fox, & Hamer, 2007; Strobel et al., 2003). Despite the fact that this 
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study primarily focused on the effect of the 5-HTTLPR polymorphisms, DRD4 was also 
investigated, as it is another important genetic variation. 
The dopaminergic and the serotonergic neurotransmitter system have been found to modulate 
amygdala-connected circuitries, which are known to be involved in emotional modulation. 
Given the fact that the central nucleus (CE) of the amygdala controls the expression of 
different fear responses, including endocrine responses via projections to the hypothalamus 
(LeDoux, 2000; Phelps & LeDoux, 2005) influences of 5-HTTLPR and DRD4 on the cortisol 
stress response are very likely. While recent studies revealed that 5-HTTLPR and DRD4 
variants jointly influence neuropsychiatric outcomes, interaction effects have been 
demonstrated particularly with respect to the behavioral stress response and personality traits 
(Auerbach et al., 1999; Ebstein et al., 1998). Ebstein et al. (1998) reported that neonates 
homozygous for the 5-HTTLPR S allele showed lower orientation scores on a behavioral 
assessment scale (Brazelton Neonatal Behavioral Assessment Scale) in case they were 
additionally deficient in the long form of DRD4 (Ebstein et al., 1998). Moreover, Auerbach et 
al. (1999) found highest scores for Negative Emotionality and Distress to Limitations in 
homozygous 5-HTTLPR S allele carriers who were lacking long DRD4 allele (Auerbach et 
al., 1999). 
DRD4 and 5-HTTLPR seem to influence expression of temperament synchronously and have 
been found to be developmentally related. In another study by Auerbach et al. (2001), a 
DRD4 x 5-HTTLPR interaction was shown for a measure of sustained attention in 12-month-
old infants. Carriers homozygous for the S allele and carriers of the L alleles of DRD4 had the 
lowest score for duration of looking during block play. Here, potential changes in the 
balanced serotonergic and dopaminergic neurotransmission may have contributed to these 
variations in cognitive development (Auerbach, Faroy, Ebstein, Kahana, & Levine, 2001). 
The S allele of 5-HTTLPR and the DRD4 7R allele were described as risk factors for behavior 
problems in children with both of these genotypes (Schmidt, Fox, & Hamer, 2007). 
Skowronek et al. (2006) reported a gender-genotype interaction and therefore analyzed data 
separately. While adolescent boys with 7R allele carriers of DRD4 showed higher smoking 
and drinking activity, a combined effect of DRD4 and 5-HTTLPR was found in girls. Girls 
who were not carrying the 7R allele of DRD4 but two long alleles of 5-HTTLPR showed the 
highest smoking activity and highest mean alcohol intake per month. In addition, the presence 
of two L alleles significantly increased alcohol intake in those individuals. 
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Because DRD4 and 5-HTTLPR combined appear to influence amygdala and amygdala-
prefrontal circuits (Hariri et al., 2002; Heinz et al., 2005; Oak, Oldenhof, & Van Tol, 2000; 
Wang et al., 2004), they may be appropriate candidate genes that contribute to anxiety-related 
behavior (Munafo, Clark, & Flint, 2005; Sen, Burmeister, & Ghosh, 2004). Therefore, in one 
of our studies we additionally examined the role of a 5-HTTLPR and DRD4 interaction on the 
cortisol stress response. 
 
1.7 Activation of stress systems 
To identify the stimuli, which are able to activate the HPA axis and thus to elicit a stress 
response, frequent studies were conducted and a multitude of situations and events inducing 
elevated HPA activity were identified. Mason (1968) reviewed the research literature and 
concluded that psychological stimuli are the most potent activators of the HPA axis. 
Academic as well as driving license examinations have been revealed to elicit increases in 
cortisol production (Dugue, Leppanen, & Grasbeck, 2001; K. Lacey et al., 2000; Meyerhoff, 
Oleshansky, & Mougey, 1988; Vedhara, Hyde, Gilchrist, Tytherleigh, & Plummer, 2000). 
Since then, standardized laboratory test, which will be described in the next section, have 
been developed to study the modes and modulators of HPA axis activation more easily. In 
general, situations and events eliciting a physiological stress response can be categorized into 
laboratory stressors and real-life stressors. 
 
1.7.1 Laboratory stress induction 
Frequent laboratory stressors are for instance mental arithmetic tasks, mental arithmetic tasks 
combined with a speech test, the Stroop test, videogame playing, presentation of films and 
videotapes, interviews, and various multiple task protocols combining several of these tasks. 
However, these stressors vary in duration and general conditions (e.g., with or without time 
pressure; attitude of the experimenter; presence of an audience, a video camera, or 
distractors). The most frequently used laboratory psychosocial stress task, which we also 
involved in our study, is the TSST (Dickerson & Kemeny, 2004; Kirschbaum, Pirke, & 
Hellhammer, 1993). The TSST provides estimates of reactivity that reflect ongoing stress as 
well as the capability of the HPA axis response. This test basically starts with a five-minute 
preparation period followed by five-minute public speaking and another five-minute mental 
arithmetic task in front of an audience (the committee). This committee consists of two people 
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who sit behind a table and take notes while giving instructions when to start public speaking 
and arithmetic task but do not give any kind of feedback. In addition, a camera and 
microphone are used to record the performance assessment. Dickerson and Kemeny (2004) 
compared the TSST in a meta-analysis of 80 laboratory studies: “One important set of 
determinants of cortisol responses appears to consist of (a) a motivated performance task, (b) 
relative uncontrollability of task outcome, and (c) presence of social evaluation”. The TSST is 
widely known to induce moderate stress in children as well as younger or elderly adults in a 
reliable and valid manner (Kirschbaum, Wust, & Hellhammer, 1992; Kudielka, Buske-
Kirschbaum, Hellhammer, & Kirschbaum, 2004).  
 
1.7.2 Real-life stressors 
Studies that investigated potential real-life stressors lead to the conclusion of similar 
underlying motives and processes. Real-life stressors may be loss events death of close 
relatives or friends, serious illness or injury, relationship stressors, major difficulties at work 
or in school, financial problems, and experienced disasters, academic examinations or public 
speaking, anticipation of surgical interventions, but also auto racing or the first parachute 
jump. Academic examinations and public speaking are social-evaluative threats and 
predominantly more or less controllable. Situations like these trigger threat to the goal of 
physical self-preservation and already Selye (1956) showed the potential of such stimuli to 
elicit a stress response (Mason, 1968). 
 
1.7.3 Physical exercise 
Not only psychological stressors but also physical exercise can activate the HPA axis. 
Cortisol levels will rise and reflect the duration of physical stress during a 20 minute interval 
prior to onset of the first exhausting exercise (i.e., >70% VO2max) (Mason et al., 1973). 
Conversely, some studies also showed the importance of psychological factors (Pancheri, 
Carilli, Agatone, Valente, & Zichella, 1982; Rohleder, Beulen, Chen, Wolf, & Kirschbaum, 
2007). These studies emphasize the role of social-evaluative threat, yet they also underline the 
role of social support in modulating hormonal reactivity to stress. 
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1.8 Outline of the present dissertation 
The aim of this series of studies was to outline the role of 5HTTLPR genotypes in the 
background of the endocrine stress response and environmental influences in four different 
samples. In summary, since the 5-HTTLPR genotype contributes to variation of anxiety- 
related traits (Hariri et al., 2002; Lesch et al., 1996) as well as depression-related traits (Caspi 
et al., 2003; Neumeister et al., 2002), we suggest that this polymorphism might also 
contribute to stress-related states in reaction to unavoidable and SLEs. Therefore, the main 
effect of 5-HTTLPR on individuals’ reactivity to acute stress at different ages has been 
investigated. Three healthy groups (8-12 y., 19-31 y., 54-68 yrs.) were confronted with the 
TSST. Additionally, hormonal and behavioral stress responses have been examined by a 
preventive medical check-up in infants. 
Analyses of the interaction of SLEs with stress reactivity were implemented to control for 
further hypotheses regarding possible gene-environment interaction. In order to control for 
environmental factors, our first sample concentrated on individuals with minimal 
environmental influences, while for the other samples we tried to assess all SLE that might 
have been experiences do far. At first, we observed newborns in the neonatal period and soon 
after children and adults. Thus, we were capable of obtaining an exceptional survey of 
individuals with different experiences of SLE and hence, the chance to analyze gene-
environment interaction in general. In addition, we considered epistatic effects by analyzing 
the interactive role of 5-HTTLPR and DRD4. 
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2 HYPOTHESES & METHODS 
 
2.1 Hypotheses 
2.1.1 Hypotheses for the newborn sample 
Main effects 
1. We hypothesized that all newborn babies will show significantly elevated cortisol 
levels after the heel-prick. 
2. We furthermore assumed that healthy newborn babies show similar baseline cortisol 
levels and a comparable endocrine stress response to the stressful medical check-up 
(heel prick) irrespective of 5-HTTLPR genotypes. 
 
Interaction effects 
We hypothesized that 5-HTTLPR only impacts on the endocrine stress response in 
interaction with SLEs and thus, exploratory tested whether 5-HTTLPR impacts on the 
endocrine stress response in interaction with very few early adverse experience. 
 
2.1.2 Hypotheses for the children and both adults sample 
Main effects 
1. We hypothesized that all children and adults will show significantly elevated cortisol 
levels after the stressor (TSST, TSST-C). 
2. We hypothesized that children and adults with at least one short allele of the 5-
HTTLPR genotype will show a larger endocrine stress response to the TSST (and 
TSST-C, respectively) than carriers with both long alleles of the 5-HTTLPR genotype. 
 
Interaction effects 
Additionally, the endocrine stress response should be elevated in carries with at least 
one short allele of the 5-HTTLPR genotype after having experienced SLEs in 
comparison to carriers with both long alleles of the 5-HTTLPR genotype and who will 
show smaller endocrine stress responses irrespective of the number of SLE. 
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2.1.3 Hypotheses for the interaction of DRD4 and 5-HTTLPR 
Main effect 
1. We hypothesized that these younger adults will show significantly elevated cortisol 
levels after the stressor (TSST). 
2. We hypothesized that younger adults with at least one short allele of the 5-HTTLPR 
genotype will show a larger endocrine stress response to the TSST than carriers with 
both long alleles of the 5-HTTLPR genotype. 
 
Interaction effect 
We hypothesized that 5-HTTLPR and DRD4 will show an interactive effect on 
endocrine stress response. 
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2.2 Empirical studies of this thesis 
Firstly, this thesis will examine the association between the endocrine stress response and a 
genetic variation of one of the most important genetic polymorphisms in the serotonergic 
system (5-HTTLPR). Secondly, the association between 5-HTTLPR and SLE will be 
considered in different age samples.  
 
Chapters 3 to 5 comprise the following three studies (named study I to study III): 
 
Study I will examine the influence of 5-HTTLPR on the endocrine stress response to a routine 
medical examination in a first sample of newborns (heel prick). Besides, we will exploratory 
test whether 5-HTTLPR impacts on the endocrine stress response in interaction with early 
adverse experience. 
 
Study II will analyze the influence of 5-HTTLPR on the endocrine stress response after acute 
psychosocial stress (TSST) in three different samples: children (8-12 yrs), younger adults (19-
31 yrs) and older adults (54-68 yrs.). In addition, we will comprise data of study I in order to 
compare the impact of 5-HTTLPR and SLEs across nearly the entire lifespan. Moreover, we 
will consider whether SLEs interact with the individuals’ 5-HTTLPR genotype with regard to 
stress reactivity.  
 
Study III goes to some extent beyond study II and will analyze the relationship between 5-
HTTLPR and another polymorphism of the dopaminergic system (DRD4) on the endocrine 
stress response after acute psychosocial stress (TSST) in a sample of younger adults (19-31 
yrs). 
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2.3 Methods - Heel prick and TSST 
Two very important factors for the measurement of the HPA axis as an endophenotype 
(Gottesman & Gould, 2003) are validity and reliability. We measured free cortisol in two 
established and robust physiological and psychosocial stress paradigms. With the aim of 
evaluating newborns’ stress reactivity, saliva for determination of cortisol was sampled before 
(t1) and after (t2) the heel prick three days after delivery. Previous studies confirmed that the 
heel prick is a significant stressor which induces considerable elevations of cortisol in 
newborns (Buske-Kirschbaum, Fischbach, Rauh, Hanker, & Hellhammer, 2004; Gunnar, 
Connors, Isensee, & Wall, 1988; Mantagos, Koulouris, & Vagenakis, 1991). 
We examined the impact of 5-HTTLPR and DRD4 on the cortisol stress response with the 
TSST, a standardized laboratory protocol for the induction of psychosocial stress in humans 
(Kirschbaum, Pirke, & Hellhammer, 1993). In a recent meta-analysis, the TSST was shown to 
be the most reliable laboratory stress protocol for the induction of acute cortisol responses so 
far (Dickerson & Kemeny, 2004) in which the two key components for the activation of the 
HPA axis, threat to the social self and uncontrollability, can be highly successful triggered 
(see also 1.7.1). Thus, children and adults were scheduled for a laboratory session in the 
afternoon. After their arrival, subjects were given a rest period of 20 minutes and then 
introduced to the TSST. The TSST has also been found to elicit significant cardiovascular, 
immune, and participative responses compared with other protocols (Kudielka, Hellhammer, 
& Kirschbaum, 2007). For the children sample, we adapted a milder version of the TSST 
(“Trier Social Stress Test for Children”; TSST-C) (Buske-Kirschbaum et al., 1997). To assess 
cortisol levels in children and adults, salivary cortisol samples were obtained repeatedly 2 (t1) 
minutes before the TSST (t1) as well as 2 (t2), 10 (t3), 20 (t4), and 30 (t5) minutes after the 
termination of the TSST using “Salivettes“ (Sarstedt; Rommelsdorf, Germany). 
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3 STUDY I  
 
THE ROLE OF THE SEROTONIN TRANSPORTER 
POLYMORPHISM FOR THE ENDOCRINE STRESS 
RESPONSE IN NEWBORNS 
 
3.1 Abstract 
A functional polymorphism in the 5’flanking region of the serotonin transporter gene 
(17q11.2, 5-HTTLPR) alters the transcription of the 5-HT transporter gene and seems to be 
associated with depression and anxiety-related personality traits in humans. This effect 
appears to be most pronounced in individuals who are homozygous for the low-expressing 
“S” allele who have experienced significant critical life events in the past. Animal studies 
now link this polymorphism to an increased stress reactivity of the hypothalamus-pituitary-
adrenal (HPA) axis. In humans, it remains unknown whether this polymorphism by itself 
affects HPA axis or only in interaction with environmental factors. The aim of the present 
study was to investigate the role of the 5-HTTLPR polymorphism for the HPA axis in humans 
early in the development at a time when individuals were exposed to very few or no early 
adverse experiences so far. We genotyped DNA for the 5-HTTLPR polymorphism including 
the A/G SNP in 126 three-day old newborns. The newborn’s stress response was stimulated 
by a heel prick, which is a part of a routine medical procedure. The heel prick induced a 
significant biological (i.e., cortisol) stress response in all newborns. Newborns with the “S/S” 
genotype showed a significantly higher endocrine response in comparison to newborns with 
“L/L” or “S/L” genotype. In this sample of newborn babies, the 5-HTTLPR genotype affected 
the HPA stress response to painful stimulation irrespective of additional influence of pre- or 
perinatal environmental factors we measured. 
 
Keywords: Serotonin transporter promoter polymorphism, 5-HTTLPR, Stress, Cortisol, 
Newborns, Hypothalamus-pituitary-adrenal axis 
 
Reference: Mueller, A., Brocke, B., Fries, E., Lesch, K.P., & Kirschbaum, C. (in press). The 
role of the serotonin transporter polymorphism for the endocrine stress response in newborns. 
Psychoneuroendocrinology. 
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3.2 Introduction 
An increasing number of studies links genetic variations with psychiatric disorders. Besides, 
the meaningful variation in DNA sequences of for instance single-nucleotide polymorphism 
(SNP) may alter mRNA stability or the amino acid sequence, which then can then result in a 
modified gene product. Allele variants in regulatory regions however, may alter transcription 
factor binding or act via further regulatory mechanisms, which may result in a changed 
quantity of expressed gene products. These polymorphisms appear to have a significant 
impact on neurotransmitter systems in the brain, which can have significant consequences for 
cognitive or emotional processing as well as psychopathology. Among the most frequently 
studied neurotransmitter systems with respect to emotional and behavioral endophenotype 
differences is the brain serotonin system. It is pivotally involved in emotional processes, and 
dysregulation of the serotonergic system has been described in several psychopathological 
disorders such as depression (review in (Jans, Riedel, Markus, & Blokland, 2007)), social 
anxiety disorder (Mathew & Ho, 2006), posttraumatic stress disorder (Vieweg et al., 2006), or 
obsessive-compulsive disorder (Ninan, 2003). 
A functional polymorphism (5-HTTLPR) in the 5’flanking region of the serotonin transporter 
gene (5-HTT, 17q11.2) alters gene transcription of the serotonin transporter and seems to be 
associated with depression as well as with anxiety-related personality traits in humans (Caspi 
et al., 2003; Hariri et al., 2005; Lesch et al., 1996; Sen, Burmeister, & Ghosh, 2004). 
Likewise, an association of this polymorphism with variations in the endocrine stress 
reactivity of the hypothalamic-pituitary adrenal (HPA) axis was described in animals (Barr, 
Newman, Schwandt et al., 2004; Barr, Newman, Shannon et al., 2004). Effective 
antidepressant and anxiolytic drugs targeting the serotonin transporter underline the 
importance of this polymorphism in the etiology of psychopathological disorders. 
5-HTTLPR, in particular the serotonin transporter-linked polymorphic region, is a 44bp 
insertion/deletion polymorphism that consists of two alleles in the transcriptional control 
region of the 5-HTT gene: the ‘short’ (“S”) allele comprising 14 copies of a 20-23 bp 
irregular repeat unit and the ‘long’ (“L”) allele comprising 16 copies. The transcriptional 
activity of the “L” allele is about two times higher than that of the “S” allele (Heils et al., 
1996). Additionally, the “S” allele is associated with significantly reduced 5-HTT binding in 
limbic brain regions, a lower 5-HTT expression and decreased serotonin reuptake into the 
presynaptic neuron (Lesch et al., 1996). In addition to the “S” and “L” alleles, there is an 
A>G SNP within the repetitive region that comprises the 5-HTTLPR (dbSNP: rs25531), such 
STUDY I 
 56 
that it is only present on the “L” allele. As with the loss-of-function S allele, the derived “LG“ 
allele results in decreased 5-HTT transcription relative to the “LA“ allele (Hu et al., 2005; 
Wendland, Martin, Kruse, Lesch, & Murphy, 2006). 5-HTTLPR genotype frequencies vary 
across different populations although rare alleles contain up to 20 copies of the repeat 
sequence. In European populations the frequency is ~40% for the “L” allele and ~60% for the 
“S” allele, respectively (Gelernter, Kranzler, & Cubells, 1997). 
Although genes determine inter-individual differences in many pathological diseases to some 
extent, an increasing number of studies suggest that environmental factors and especially 
gene-environment interactions play a pivotal role in the etiology of psychopathology (Caspi et 
al., 2003; Kendler, Kuhn, Vittum, Prescott, & Riley, 2005; Neumeister et al., 2002). 
Considering genetically determined variation in the serotonergic system, increasingly strong 
data from human and animal studies show the importance of environmental factors for the 
association between 5-HTTLPR and psychopathology. A relative reduction of 5-HTT gene 
transcription is linked with an increased risk for psychopathology in association with the early 
adverse (Caspi et al., 2003; Hariri, Drabant, & Weinberger, 2006; Kendler, Kuhn, Vittum, 
Prescott, & Riley, 2005; Neumeister et al., 2002). Caspi et al. (2003) described that 
individuals with at least one S allele of the 5-HTTLPR and early adverse experience (e.g., 
childhood abuse) showed an increased risk for major depression or suicidal ideation. In 
contrast, individuals with “L/L” genotype were not at greater risk for depression irrespective 
of the number of experienced critical life events (Caspi et al., 2003). Additionally, Ansorge et 
al. (2004) revealed that genetic polymorphisms that reduce 5-HTT expression might impact 
on the early development of the CNS which subsequently can modify emotional responses to 
stress (Ansorge, Zhou, Lira, Hen, & Gingrich, 2004). Thus, individuals with the “S” allele 
seem to be vulnerable to develop depression when exposed to a number of critical life events. 
While other groups replicated these findings (Bennett et al., 2002; Eley et al., 2004; Kendler, 
Kuhn, Vittum, Prescott, & Riley, 2005; Neumeister et al., 2002), conflicting results also exist 
(Gillespie, Whitfield, Williams, Heath, & Martin, 2005; Ohara, Nagai, Tsukamoto, Tani, & 
Suzuki, 1998; Surtees et al., 2006). 
The hypothalamus-pituitary-adrenal (HPA) axis might be an important mediator of the 
association between the 5-HTTLPR and psychopathology as alterations of the HPA axis are 
linked to psychopathology, e.g., depression or anxiety disorders (Chrousos, 2000; McEwen, 
2005; Selye, 1936). Although the causal relation between HPA axis alterations and 
psychopathology remains unclear, it might be hypothesized that individual differences in 
HPA axis activity influence the individual’s vulnerability for psychopathology (Dallman et 
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al., 1987; Fries, Hesse, Hellhammer, & Hellhammer, 2005). The HPA axis is activated in 
response to a multitude of stimuli. Corticotropin-releasing hormone (CRH) is released from 
neurons in the paraventricular nucleus (PVN) of the hypothalamus stimulating the secretion of 
adrenocorticotropic hormone (ACTH) from the anterior pituitary. Subsequently, ACTH 
reaches the adrenal glands stimulating the synthesis and release of species-specific 
glucocorticoids. Glucocorticoids influence metabolic and immune processes, adapting the 
organism to changing demands and promoting organism’s survival (Chrousos, 2000; 
Chrousos & Gold, 1992; Kirschbaum & Hellhammer, 1989). 
As HPA axis activity is under partial control of the serotonergic system (Fuller, 1996b; 
Lowry, 2002), this axis might be influenced by the 5-HTTLPR polymorphism. In a study with 
rhesus macaques, Barr et al. (2004) showed an association between the “S” allele of the 
polymorphism and dysregulation of HPA axis functioning with early environmental 
conditions influencing this association. Rhesus macaques with at least one “S” allele of an 
analogous serotonin transporter polymorphism (rh5-HTTLPR) demonstrated an increased 
secretion of ACTH in response to stress when they experienced adverse rearing conditions 
during childhood. Conversely, rhesus macaques with at least one “S” allele and without 
critical rearing conditions showed a normal ACTH response to separation stress (Barr, 
Newman, Shannon et al., 2004). The study of Barr et al. (2004) underscored the importance of 
environmental factors for the association between 5-HTTLPR genotype and HPA axis 
functioning. However, there is only one study showing a main effect of the 5-HTTLPR 
genotype on HPA axis parameters so far (Gotlib, Joormann, Minor, & Hallmayer, 2008) and 
one study showing a gene-environment interaction (Alexander et al., 2009). This might be due 
to the fact that in both, animal and human studies the 5-HTTLPR genotype effects were 
studied with individuals being well into childhood, adolescence, or adulthood, respectively. 
To sum up, these contradictory gene-environment interaction results might have evolved from 
unreliable measures of environmental factors (Uher & McGuffin, 2008). 
In the present study, we therefore investigated the main effect of the 5-HTTLPR genotype on 
the endocrine stress response in a sample with a history of no or very few early adverse 
experience. We hypothesized that healthy newborn babies show similar baseline cortisol 
levels and a comparable endocrine stress response to a stressful medical check-up (heel prick) 
irrespective of the 5-HTTLPR genotype. In addition, we exploratory tested whether 5-
HTTLPR impacts on endocrine stress response in interaction with early adverse experience.  
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3.3 Materials and methods 
3.3.1 Participants 
Between May 2005 and August 2006, women staying in the Medical Clinic “Carl Gustav 
Carus” of the Technische Universitaet Dresden (Germany) were invited to participate in this 
study. Twenty-four hours after delivery of their child, mothers were informed about the study 
and asked for written informed consent in the hospital. In order to assess the newborns’ 
endocrine stress reactivity, saliva for cortisol determination was sampled before and after a 
routine neonatal screening test consisting of a heel prick performed by medical personnel 
three days after delivery. The heel prick is routinely conducted in order to obtain a capillary 
blood sample for metabolic disease check. Previous studies showed that the heel prick is a 
significant stressor inducing elevations of cortisol in newborns (Buske-Kirschbaum, 
Fischbach, Rauh, Hanker, & Hellhammer, 2004; Gunnar, Connors, Isensee, & Wall, 1988; 
Mantagos, Koulouris, & Vagenakis, 1991). The heel prick was performed in the morning 
around 0600h. 
A total of 244 newborns were initially included in the study. Insufficient saliva volumes for 
the first and/or second sample (N=82), statistical outliers with a baseline ≥ 40nmol/l (N=32) 
as well as outliers with post heel prick cortisol values of ≥ 100nmol/l (N=4) were excluded 
and thus, reduced the final study sample to N=126 three-day old newborns (72 females; 54 
males) for endocrine data. Five preterm newborns were included in the sample as no stress 
response differences were observed between preterm and term born children. The study 
protocol was approved by the Ethics Committee of the Dresden Medical Clinic “Carl Gustav 
Carus” of the Technische Universitaet Dresden (Germany). 
The 126 newborns had a mean gestational age of 40 weeks (SD=1.27; range=37-42 weeks). 
Five preterm newborns were born at gestational week 37 with no indication for special 
treatment as e.g., incubators after delivery. The mean birth weight was 3467g (SD=425.30; 
range=2260-4500g). 83 babies were born by vaginal delivery, 28 by caesarian section. In 15 
cases information on mode of delivery was missing. The mothers’ mean age was 29 years 
(SD=4.93; range=18-40 years). No mother had preeclampsia or eclampsia, abused drugs or 
alcohol during pregnancy. 11 women continued smoking during pregnancy, 55 mothers 
reported medical conditions during pregnancy: 8 reported bleedings, 6 had infections, 4 had 
diabetes, 3 vomited excessively, 1 developed hypertension. 26 mothers reported sleeping 
difficulties and 6 women other conditions not further specified. 
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3.3.2 Psychological and sociodemographic assessment of the mothers 
Mothers were asked to fill in the following questionnaires on the day of the heel prick: the 
Perceived Stress Scale (PSS) was applied to measure the perception of stress during the last 
month (Cohen & Williamson, 1988) and the Trier Inventory for the Assessment of Chronic 
Stress (TICS) assessed the subjective rating on experienced chronic stress during the last three 
months (Schulz, Schlotz, & Becker, 2004). Furthermore, a general questionnaire about 
sociodemographic status, mode of delivery, nutrition and psychological condition including a 
global subjective rating on stress during pregnancy was given. Mothers were asked to 
appraise their subjective rating on stress during pregnancy, i.e., whether they experienced 
stress or not on a dichotomized scale (yes vs. no). 
 
3.3.3 Collection of newborns’ saliva samples 
Saliva samples were collected using medical applicators (Applimed SA, Châtel-Saint-Denis, 
Switzerland) 10 min before and 20 min after the heel prick. For this, the newborn’s mouth 
was gently swept with a medical applicator for approximately 30 seconds collecting saliva 
from the oral cavity. Samples were stored at -20 °C until analysis. Before biochemical 
analyses, samples were prepared by centrifuging at 3000 rpm for 3 min to obtain clear 
supernatant with low viscosity. Salivary free cortisol levels were determined employing a 
commercial chemiluminescence immunoassay (CLIA, IBL; Hamburg, Germany) with high 
sensitivity of 0.5 nmol/l. Intra- and interassay coefficients of variation were below 8%. 
 
3.3.4 Genotyping 
To obtain DNA samples, foam-tip buccal cell collection swabs (Epicentre, Madison, USA) 
were gently swept along the newborns’ oral mucosa. Genomic DNA was isolated using a 
quick extraction DNA 1.0 lysis buffer solution (Epicentre, Madison, USA). Genotypes for 5-
HTTLPR including the A/G SNP were determined as described earlier (Lesch et al., 1996; 
Wendland, Martin, Kruse, Lesch, & Murphy, 2006). Primer sequences previously described 
were applied (Lesch et al., 1996) and polymerase chain reaction (PCR) was carried out. Five 
thermocyclings were conducted and after a final extension genotypes were resolved. The 
serotonin transporter gene (SLC6A4; 5-HTT) was genotyped for the 44 bp ins/del 5-HTT-
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linked polymorphic region (5-HTTLPR). The A/G SNP was detectable after digestion with an 
enzyme and electrophoresis on agarose gel containing ethidium bromide. 
Comparable to other studies on European subjects (Strobel et al., 2007), 65.9% of the 
newborns had at least one “S” allele (including SS, LGLA, SLG, LGLG, and SLA) and 34.1% had 
both “L” alleles (“LALA”). Model frequencies of the three 5-HTTLPR genotypes including 
A/G SNP revealed that 43 newborns (34.1%) were homozygous for the “L” allele (“L/L”), 37 
newborns (29.4%) were homozygous for “S” allele (“S/S”), and 46 (36.5%) newborns were 
heterozygous for “S” and “L” allele (“S/L”). Genotype distribution was in Hardy-Weinberg 
equilibrium for male newborns (p=.28), whereas it was not for female newborns (p<.05). The 
genotype distribution was therefore not in Hardy-Weinberg equilibrium for the total group of 
newborns (p<.05). 
 
3.3.5 Statistical analyses  
We conducted ANOVA for repeated measures with time point of saliva sampling (pre and 
post heel pricks) as within-subject factor and genotype (”S/S” vs. “S/L” vs. “L/L”) as 
between-subject factor. For investigating possible group differences for gender or birth 
weight, one-way-ANOVAS were applied. 
To analyze the possible impact of prenatal environmental factors on the endocrine stress 
response, ANOVAs for repeated measure were conducted with the cortisol data, respectively, 
as within-subject factor and genotype, mothers’ global subjective rating on stress during 
pregnancy and ratings on stress questionnaires as between-subject factors.  
For the measure of experienced stress during pregnancy, the sample was divided into two 
groups with comparing mothers who experienced no stress at all during pregnancy with those 
who reported stress. The groups did not differ with regard to genotype (p=.51). For the 
measure of mothers’ chronic stress, the sample was divided into four groups regarding the 
sum scores of TICS and PSS questionnaire. These groups did not differ with regard to 
genotype (all p³.24). 
Likewise, ANOVAs for repeated measures were conducted analyzing the possible impact of 
perinatal environmental factors as birth weight and mode of delivery on the endocrine stress 
response. Cortisol data were entered as within-subject factor and genotype, mode of delivery 
and birth weight as between-subject factors. For these analyses, with respect to weight the 
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sample was divided into four groups. These groups did not differ with regard to genotype 
(p=.13). 
Bonferroni adjusted post hoc analyses and follow-up ANOVAs for group comparisons were 
conducted where appropriate. For determination of effect size, partial Eta2 for significant 
effects was estimated. Degrees of freedom were Greenhouse-Geisser corrected where 
appropriate. Level of significance was p < 0.05 for all analyses. All statistical analyses were 
performed using SPSS for Windows (Version 12, Chicago, IL, USA). 
 
3.4 Results 
Genotype groups did not differ regarding birth weight (F6,121=9.82, p=.13), mode of delivery 
(χ²111=2.84, p=.24) or gender (χ²126= 1.40, p=.50) as noted in Table 3. No differences between 
genotype groups regarding gestational week have been found either (F2,119=2.20, p=.12). 
Moreover, the endocrine stress response was not influenced by gender (F1,126=0.38, p=.38). 
 
Table 3. Information on gender distribution, birth weight (mean ± SD) and mode of delivery for the 5-
HTTLPR genotype groups considering the single-nucleotide polymorphism (SNP) with an A to G 
substitution (dbSNP: rs25531) are displayed. 
 5-HTTLPR Statistics 
 SS, SLG, LGLG SLA, LGLA LALA F or χ² p 
Females (n) 24 24 24 χ² = 1.40 .50 
Males (n) 13 22 19   
Birth weight (in g) 3345  ± 433 3532  ± 437 3501 ± 386 F = 9.82 .13 
                        Type of birth (n)      
Vaginal delivery (n) 20 31 32 χ² = 2.84 .24 
Caesarian section (n) 11 10 7   
Note. One-way-ANOVAs and contingency tables were performed (providing F, χ2 and p values). 
 
With a tendency of a significant difference in baseline cortisol levels (pre-heel prick) between 
5-HTTLPR genotype groups (F2,126=2.67, p=.07), the heel prick induced a profound increase 
of cortisol in all newborns (F1,126=69.63, p<.001, η2=0.36). Further repeated ANOVAs 
revealed a significant main effect for the 5-HTTLPR genotype on mean cortisol levels 
(F2,126=4.01, p<.05, η2=0.06) showing a higher stress response in newborns with “S/S” 
compared to newborns with the “L/L” genotype (p<.05; see Figure 14). A tendency for a 
significant difference was found between newborns with “S/S” and “S/L” genotype (p=.08), 
while there was no difference between “S/L” and “L/L” genotype (p=1.00).  
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Figure 14. Cortisol responses (mean ± standard error of mean) to heel prick stress shown for the three 
genotype groups (“S/S” including S/S, S/LG, LG/LG, “S/L” including S/LA, LG/LA and “L/L” including 
LA/LA) in newborns. 
 
The endocrine stress response to the heel prick did not differ between male or female 
newborns (F1,126=0.77, p=.38). Neither birth weight (F3,121=0.95, p=.42) nor mode of delivery 
(F1,111=1.37, p=.24) were associated with the newborns’ endocrine stress response. 
Next, statistical ANOVA analyses were conducted investigating the possible influence of an 
interaction effect of genotype and prenatal environmental factors (maternal stress) on the 
endocrine stress response. Newborns’ endocrine stress response was not affected by a 
significant interaction between newborns’ genotype and prenatal environmental factors as 
assessed by mothers’ global subjective rating on stress (F2,121=0.43, p=.65), or mothers’ 
subjective stress ratings as assessed with the PSS questionnaire (F6,112=0.78, p=.59), or TICS 
(F6,118=0.81, p=.57) as shown in Table 4.  
 
Table 4. Association of the 5-HTTLPR genotype, mothers’ subjective stress ratings (number of 
mothers who experienced stress) and two questionnaires (including mean, SD and range) assessing 
chronic stress (PSS: Perceived Stress Scale and TICS: Trier Inventory for the Assessment of Chronic 
Stress) on the endocrine stress response in newborns. 
 
 
All subjects 
(M ± SD or N) 
Range 
Association of 5-HTTLPR 
genotype and stress ratings on 
endocrine stress response (F) 
p 
Global stress rating     
Stress during pregnancy 27.0 % - F = .43 .65 
No stress during pregnancy 73.0% -   
PSS 19.64 ± 6.89 6-39 F = .78 .59 
TICS 14.28 ± 7.45 1-35 F = .81 .57 
Note. One-way-ANOVAs were performed (providing F and p values). 
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Investigating the possible influence of perinatal factors on the association of the 5-HTTLPR 
and the endocrine stress response of the newborns, birth weight and mode of delivery were 
considered. No interaction between birth weight and newborns’ genotype influencing the 
newborns’ endocrine stress response (F6,121=0.45, p=.84) was observed. Furthermore, there 
was no significant interaction between mode of delivery and newborns’ genotype influencing 
the newborns’ endocrine stress response (F2,111=0.36, p=.70). 
 
3.5 Discussion 
This is the first study to examine the influence of a polymorphism in the serotonin transporter 
promoter region (5-HTTLPR) on the endocrine stress response to a routine medical 
examination in newborns. The pattern of findings presented here provides further evidence for 
the association of the serotonin transporter gene and HPA axis reactivity. Results indicate that 
the “S” allele in comparison to “L” allele increases biological stress reactivity stronger in 
humans, respectively. 
Only few other studies have investigated the effect of 5-HTTLPR on the HPA axis in humans 
so far. Gotlib et al. (2008) examined a sample of 9 -14 years old girls with a standardized 
laboratory stress task and showed stronger stress-related cortisol responses for girls with the 
“S/S” genotype than girls with at least one “L” allele, irrespective of risk for depression. In 
addition, Alexander et al. (2009) did not find a main effect of 5-HTTLPR on HPA axis 
functioning in a sample of male adults after a standardized laboratory stress task, whereas 
analyses including the history of adverse experiences revealed an elevated HPA-reactivity in 
newborns with the “S/S” genotype with a high number of adverse experience. However, a 
number of other studies have confirmed the importance of gene-environmental interactions 
with regard to the vulnerability of psychopathological disorders (Barr, Newman, Shannon et 
al., 2004; Caspi et al., 2003; Champoux et al., 2002). 
Recent work described the importance of adverse experience for the association of the 5-
HTTLPR with anxiety, depression or an altered HPA axis reactivity (Barr, Newman, 
Schwandt et al., 2004; Barr, Newman, Shannon et al., 2004; Caspi et al., 2003; Kendler, 
Kuhn, Vittum, Prescott, & Riley, 2005; Neumeister et al., 2002). In these studies, no main 
effect of the 5-HTTLPR polymorphism was observed. This is in contrast to the present 
findings in newborn babies.  However, we assume that newborns carrying the “S” allele may 
be more vulnerable for, e.g., HPA axis disturbances and affective disorders after the 
experience of critical life events at a later stage of their lives. 
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The major difference between other studies and the present study is the relative lack of 
available detail regarding the infants' prenatal are early postnatal environment. Although none 
of the babies here were known to have experienced early adversity (e.g., abuse, neglect), the 
impact of pre- or perinatal environmental factors (e.g., psychosocial stress or medical state of 
the mother (Welberg & Seckl, 2001)) on the newborns’ HPA axis functioning cannot be fully 
excluded. Chronic stress during pregnancy seems to have major impact on the fetus health as 
it has been shown to be associated with hyperactivity of the infants’ endocrine stress response 
(Maccari et al., 2003; Matthews, 2002; Weinstock, 2001). Increased ACTH and cortisol levels 
in stressed pregnant women are discussed to transmit the stress effects to the child (Wadhwa, 
Dunkel-Schetter, Chicz-DeMet, Porto, & Sandman, 1996) as glucocorticoids, released from 
the maternal adrenal gland can partially pass the placenta and subsequently impact on the fetal 
organism (Gitau, Cameron, Fisk, & Glover, 1998; Wadhwa et al., 2002; Weinstock, 2001). 
Thus, stress during pregnancy acts on the fetus and may communicate environmental 
influences from the mother to the fetus. Kraemer et al. (2008) recently studied this interaction 
in rhesus monkeys and showed an increased cortisol response to isolation from the mother 
only in offspring with at least one “S” allele and exposure to alcohol during pregnancy. In 
contrast to these results, no interaction between maternal stress and 5-HTTLPR on the 
endocrine stress response was observed in our sample of healthy newborns. It is possible that 
the prenatal stress exposure in our sample was too low to impact newborns' HPA axis 
function. 
Additionally, pregnancy-related experiences are affected by other behavioral, psychosocial, 
demographic, and environmental factors. The cortisol response to stress has also been 
associated with birth weight, that is a higher cortisol response to stress was observed in 
newborns with lower birth weight (Matthews, 2002; Seckl, 2004; Wust, Entringer, Federenko, 
Schlotz, & Hellhammer, 2005). In addition to prenatal factors, varying mode of delivery 
might depict an early adverse experience for the newborn (de Weerth & Buitelaar, 2007; Lu et 
al., 2008). Lower stress hormone concentrations and enhanced performed interactive 
processes have been found in infants after caesarean section in comparison to vaginally 
delivered newborns (Gathwala & Narayanan, 1990; Lu et al., 2008; Taylor, Fisk, & Glover, 
2000). However, mode of delivery or birth weight was not associated with endocrine stress 
response in our sample. 
There are some limitations to our study that need to be considered. First, the sample size was 
significantly reduced due to several relatively small because of outliers and insufficient saliva 
volume in a number of samples. Moreover, genotype distribution in our sample was not in 
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Hardy-Weinberg equilibrium as we observed a shortage in the “S/L” genotype group. Even 
though others have detected Hardy-Weinberg equilibrium issues as well (Mandelli et al., 
2007), our results need to be considered with caution. The shortage in the “S/L” genotype 
group would be one possible explanation for the marginal difference between “S/S” and 
“S/L” group instead of an expected significant difference between “S/L” and “L/L” group. 
Since we recruited an unselected sample of newborn babies, it is likely that the imbalance of 
genotype distribution has emerged by chance. In addition, our assessment of maternal stress 
only considered the last trimester of pregnancy, and assessment methods of perinatal stress 
factors were rather crude. 
In summary, the results of the present study provide evidence that the HPA axis activity is 
significantly influenced by genetic variation of serotonergic function at a very early stage of 
life already. Further studies are needed to investigate the potential influence of prenatal and 
perinatal environmental factors for genotype effects in more detail, preferentially in a 
prospective study design. 
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4 STUDY II  
 
IMPACT OF THE SEROTONIN-TRANSPORTER-
POLYMORPHISM (5-HTTLPR) AND STRESSFUL LIFE 
EVENTS (SLE) ON THE STRESS RESPONSE IN HUMANS 
 
4.1 Abstract 
Dysfunction of the serotonin (5-HT) system has been linked to neuroticism, anxiety and 
depression. Furthermore, an elevated risk of depression has been described in carriers of at 
least one low expressing short (S) allele of a polymorphism in the regulatory region of the 
serotonin transporter gene (5-HTTLPR) who had experienced stressful life events (SLEs). 
Additionally, a significant influence of 5-HTTLPR genotype on amygdala reactivity in 
response to fearful stimuli has been reported. The aim of this study was to investigate the role 
5-HTTLPR and critical life events SLEs on the endocrine stress response in different age 
samples. For studying individual stress responses, newborns examined after a routine heel 
prick, while children (8-12 yrs), younger adults (19-31 yrs), and older adults (54-68 yrs.) were 
confronted with the Trier Social Stress Test (TSST). The Life History Calendar (LHC) and 
the Life Events Questionnaire (LEQ) were used to acquire data on SLEs in the latter two 
samples. Heel prick and TSST induced significant endocrine responses in all four groups of 
participants with different impacts of HTTLPR genotype across the life span. While in 
newborns the S/S genotype showed a significantly higher acute endocrine stress response than 
the L/L or S/L genotypes, no difference between genotype groups was found in children. In 
both adult samples, the genotype impact on cortisol stress responsiveness was reversed. 
Adults carrying the more active L allele of the 5-HTTLPR polymorphism showed a 
significantly larger cortisol response to the TSST than individuals carrying at least one of the 
lower expressing S allele. In addition, a significant interaction effect of 5-HTTLPR and SLEs 
has been found in the sample of younger adults. These data suggest that the association 
between 5-HTTLPR and endocrine stress reactivity seems to alter across lifespan. 
 
Keywords: Serotonin transporter promoter polymorphism, 5-HTTLPR, Stress, Stressful Life 
Events, Cortisol, Hypothalamus-pituitary-adrenal axis 
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Reference: Mueller, A., Armbruster, D., Brocke , B., Moser, D.A., Lesch, K.P., Canli, T., and 
Kirschbaum, C. Impact of the Serotonin-Transporter-Polymorphism (5-HTTLPR) and Stressful Life 
Events (SLE) on the Stress Response in Humans. Unsubmitted Manuscript. 
 
 
4.2 Introduction 
An extensive literature has addressed the role of risk factors in the etiology of physical and 
mental disorders. Among such risk factors for the development of psychological or physical 
disorders are, for instance, chronic stress and stressful life events (SLEs). Adverse health 
effects of chronic stress and SLEs are thought to be moderated by the endocrine system 
(Chrousos, 2000; Chrousos & Gold, 1992; Gold & Chrousos, 2002; McEwen, 1998; McEwen 
& Stellar, 1993). Here, the hypothalamic-pituitary-adrenal (HPA) axis appears to play a 
pivotal role with both, HPA hypo- and hyperactivity, mediating onset or disease course 
(Buske-Kirschbaum, Fischbach, Rauh, Hanker, & Hellhammer, 2004; McEwen, 1998; 
McEwen & Stellar, 1993). 
In addition, individual differences in HPA activity might be modulated by common variants 
of genes involved its regulation. In a review on twin studies by Bartels et al. (2003) it was 
shown that heritable influences account for approximately 50-62% of the etiological variance 
in the glucocorticoid response to stress (Bartels, Van den Berg, Sluyter, Boomsma, & de 
Geus, 2003). The HPA axis activity is under partial control of the serotonergic system and 
axis might thus be an important mediator of the association between the serotonergic system 
and psychopathology (Fuller, 1996b; Lowry, 2002; Porter, Gallagher, Watson, & Young, 
2004). 
In the present study we focused on the interaction of HPA axis and the serotonergic system, 
and in particular on a length polymorphism in the promoter region of the serotonin transporter 
gene. The allelic variants of this length polymorphism in the promoter region of the serotonin 
transporter (5-HTT) gene (SLC6A4) have been found to impact the HPA stress reactivity 
(Barr, Newman, Shannon et al., 2004; Chaouloff, 2000; Fuller, 1996b; Lowry, 2002). 5-
HTTLPR is one of the most frequently studied polymorphisms in neurotransmitter systems 
and has been associated with depression and anxiety disorders (Jans, Riedel, Markus, & 
Blokland, 2007; Mathew & Ho, 2006; Vieweg et al., 2006). 5-HTTLPR is a 43bp 
insertion/deletion polymorphism in the transcriptional control region of the 5-HTT gene 
(consisting of two variants). Furthermore, with regard to an A/G single nucleotide 
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polymorphism (SNP) upstream of the 5-HTTLPR (rs25531), there is an A>G SNP, such that it 
is only present on the L allele. As with the loss-of-function S allele, the derived LG allele 
results in decreased 5-HTT transcription relative to the LA allele (Hu et al., 2006; Hu et al., 
2005; Kraft, Slager, McGrath, & Hamilton, 2005; Wendland, Martin, Kruse, Lesch, & 
Murphy, 2006). The long (L) allele shows an increased serotonin transporter expression and 
increased 5-HT-reuptake in vitro and in vivo in comparison to the short (S) allele (Frodl et al., 
2004; Heinz et al., 2000; Lesch et al., 1996). In European populations the frequency is ~40% 
for the L allele and ~60% for the S allele, respectively (Gelernter, Kranzler, & Cubells, 1997). 
In individuals with the S allele, stronger amygdala activation as well as dysfunctional 
amygdala-prefrontal coupling in reaction to anxiety-related stimuli have been reported (Canli 
et al., 2005; Hariri et al., 2002; Heinz et al., 2005; Pezawas et al., 2005). Furthermore, Canli 
et al. (2005) showed apparent greater amygdala activation to negative stimuli in individuals 
with the S allele, which seems to be driven by an increased resting amygdala activation rather 
than increased activation to negative stimuli (Canli et al., 2005). 
Moreover, it was shown known that serotonergic neurotransmission is involved in both 
activation and feedback control of the HPA axis in elderly people (Lowry, 2002; O'Hara et al., 
2007). O’Hara et al. (2007) for instance revealed that waking cortisol differed significantly 
between the three allele groups in older adults. Higher waking cortisol values were found in 
participants with at least one S allele (O'Hara et al., 2007). Wüst et al. (2009) and Chen et al. 
(2009) found similar results (Chen, Joormann, Hallmayer, & Gotlib, 2009; Wüst et al., 2009). 
While Wüst et al. (2009) revealed gender-specific differences with the highest CAR in 
younger females with both S alleles and the lowest CAR in males with both S alleles (Wüst et 
al., 2009), Chen et al. (2009) only examined girls between 9 and 14 but found the same effect 
(Chen, Joormann, Hallmayer, & Gotlib, 2009). 
Furthermore, 5-HTTLPR has also been found associated with stress reactivity in animals 
(Barr, Newman, Schwandt et al., 2004; Barr, Newman, Shannon et al., 2004) and humans 
(Gotlib, Joormann, Minor, & Hallmayer, 2008). Gotlib et al. (2008) found that girls with both 
S allele show stronger cortisol responses than girls with at least one L allele (Gotlib, 
Joormann, Minor, & Hallmayer, 2008). However, findings have been inconsistent so far. 
Contrariwise, Wüst et al. (2009) could not find an effect of 5-HTTLPR on stress reactivity 
after a standardized social stress test (TSST) (Wüst et al., 2009). 
Additionally, recent studies demonstrated, that the impact of 5-HTTLPR on neuropsychiatric 
outcomes interacts with SLEs. In the development and determination of emotion-related 
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behavior and more particular stress, the interaction of genetic and environmental factors plays 
a pivotal role. Therefore, stress needs to be considered in the context of constitutional factors 
specific to the susceptible individuals (Miller & O'Callaghan, 2002). Despite the fact that 
individuals carrying the less active S allele of the 5-HTTLPR genotype have been shown to 
exhibit an increased amygdala response to fearful stimuli (Hariri et al., 2002), this relative 
hyperresponsivity alone does not define individual differences in emotional behavior or 
affective disorders. Furthermore, a prolonged and increased stress response in concert with 
SLEs may possibly enhance individuals’ vulnerability to affective disorders or the effects of 
chronic stress (Caspi et al., 2003). SLEs have also been shown to increase the risk for 
developing psychiatric disorders such as depression, or dysregulation of the HPA axis 
(Kendler & Karkowski-Shuman, 1997). Moreover, the development of depression has been 
found to be modulated by the 5-HTTLPR polymorphism and regarding SLEs (Caspi et al., 
2003). Individuals with the S allele of the 5-HTTLPR who experienced SLEs (such as 
childhood abuse, threat, loss, or humiliation) showed an increased risk for major depression or 
suicidal ideation, individuals homozygous for the L allele otherwise were not at greater risk 
for depression irrespective of the number of experienced SLEs suggesting a gene by 
environment (GxE) interaction.  
However, it should be noted that while some groups could replicate findings of the Caspi 
study (Bennett et al., 2002; Eley et al., 2004; Kendler, Kuhn, Vittum, Prescott, & Riley, 2005; 
Neumeister et al., 2002), contradictory results also exist (Gillespie, Whitfield, Williams, 
Heath, & Martin, 2005; Ohara, Nagai, Tsukamoto, Tani, & Suzuki, 1998; Surtees et al., 
2006). For instance, Surtees et al. (2006) found no GxE interactions between the 5-HTTLPR 
genotype, social adversity, and major depressive disorder (Surtees et al., 2006). Similarly, 
Gillespie et al. (2005) reported no interaction of 5-HTTLPR and SLEs on the risk for 
depression (Gillespie, Whitfield, Williams, Heath, & Martin, 2005). In a recent meta-analysis, 
authors analyzed this nonreplication of the association between genotype, SLEs, and 
depression (Risch et al., 2009). They concluded that adding the 5-HTTLPR genotype does not 
improve the prediction of the risk of depression associated with exposure to negative life 
events. However, comparability of these studies was limited since samples, study design, 
measures as well as analyses differed highly. Uher et al. (2008) argued that nonsignificant 
GxE results might often be moderated by age and gender or might have evolved from 
unreliable measures of environmental factors. Thus, using at least age and gender as 
covariates seems to be highly reasonable. (Uher & McGuffin, 2008). 
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Recently, Barr et al. (2004) found an interactive association between variations of rh5-
HTTLPR and rearing conditions during early development on HPA axis reactivity in rhesus 
macaques (Barr, Newman, Shannon et al., 2004). Rhesus macaques with at least one S allele 
of an analogous serotonin transporter polymorphism in rhesus macaques (rh5-HTTLPR) 
revealed an increased secretion of ACTH in response to stress when they had experienced 
adverse rearing conditions during childhood. In contrast, rhesus macaques with at least one S 
allele but without critical rearing conditions showed a normal ACTH response to separation 
stress. This study in particular demonstrates that early adverse experiences seem to modulate 
the influence of 5-HTTLPR on the HPA axis and underlines the importance of the interaction 
of genetic background and environmental factors. In a first human study, Gotlib et al. (2008) 
reported that girls homozygous for the S allele showed stronger cortisol responses than girls 
with at least one L allele in a psychosocial stress paradigm (Gotlib, Joormann, Minor, & 
Hallmayer, 2008). On the contrary, Wüst et al. (2009) could not find an effect of 5-HTTLPR 
on stress reactivity after the TSST. Nevertheless, they found gender-specific differences in 
basal cortisol values have been found with females with both short alleles showing the highest 
mean CAR and males with both short alleles the lowest CAR. 
Given that the 5-HTTLPR genotype contributes to variations of anxiety-related (Hariri et al., 
2002; Lesch et al., 1996) as well as depression-related traits (Caspi et al., 2003; Neumeister et 
al., 2002), we hypothesized that this polymorphism might also contribute to stress-related 
states in interaction with SLEs in humans. Therefore, we sought to investigate the impact of 
5-HTTLPR genotypes on individual’s reactivity to acute stress at different ages. Additionally, 
we investigated whether SLEs interacted with the individuals’ 5-HTTLPR genotype with 
regard to stress reactivity. Although newborns in our first sample had not experienced any 
major postnatal life event so far, the impact of pre- or perinatal environmental factors (e.g., 
psychosocial stress or medical state of the mother) (Welberg & Seckl, 2001) on the newborns’ 
HPA axis functioning was taken into consideration. 
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4.3 Materials and methods 
4.3.1 Participants – Newborns, children and adults 
Twenty-four hours after delivery, mothers of the newborns were informed and asked to 
participate in the study in the Medical Clinic “Carl Gustav Carus” of the Technische Universität 
Dresden (Germany). 126 three-day old newborns (72 females; 54 males) were investigated for 
endocrine data. 
Children were recruited at different schools in Dresden with a final sample consisting of 115 
children with 50 girls and 65 boys (mean age 9.3 yrs., SD=1.03, range 8-11 yrs.), 
respectively. 
The third sample consisted of 114 students of the Technische Universität Dresden with 58 
female and 56 male volunteers (mean age 23.9 yrs., SD=2.55, range 19-31 yrs.). There were 
no smokers or female participants using oral contraceptives in the adult sample. 
The fourth sample consisted of 99 older adults with 60 females and 39 males (mean age 61.1 
yrs., SD=2.70, range 54-68 yrs.). All participants (in the newborn and children sample parents 
held responsibility) were informed about the aims of the study and gave written informed 
consent. The study design was approved by the ethics committee of the Dresden Medical 
Clinic “Carl Gustav Carus” of the Technische Universität Dresden (Germany) and by the Ethics 
Committee of the German Psychological Association. 
4.3.2 Procedure in newborns 
In order to evaluate newborns’ stress reactivity, saliva for determination of cortisol was 
sampled before and after the heel prick three days after delivery. 
Previous studies confirmed that the heel prick is a significant stressor inducing elevations of 
cortisol in newborns (Buske-Kirschbaum, Fischbach, Rauh, Hanker, & Hellhammer, 2004; 
Gunnar, Connors, Isensee, & Wall, 1988; Mantagos, Koulouris, & Vagenakis, 1991). Saliva 
samples were obtained 10 minutes before (t1) and 20 minutes after (t2) the heel prick using 
medical applicators (Applimed SA, Châtel-Saint-Denis, Switzerland). The newborn’s mouth 
was gently swept for approximately 30-60 seconds for collecting saliva from the oral cavity. 
As results of this sample have already been discussed elsewhere (Mueller, Brocke, Fries, 
Lesch, & Kirschbaum, in press), for the purpose of comparison we will only present the main 
findings here. 
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4.3.3 Procedure in children and adults 
Children and adults were scheduled for a laboratory session in the afternoon. The Trier Social 
Stress Test (TSST) was applied for the induction of psychosocial stress in children and adults. 
This standardized laboratory stressor consisted of a free speech and a mental arithmetic task 
in front of an audience. After their arrival, participants were given a rest period of 20 minutes 
and then introduced to the TSST. The TSST has been found to elicit the strongest and most 
reliable cortisol responses to laboratory stress as well as significant cardiovascular, immune, 
and participative responses compared with other protocols (Dickerson & Kemeny, 2004; 
Kudielka, Hellhammer, & Kirschbaum, 2007). For the children sample, a milder version of 
the TSST was adapted (“Trier Social Stress Test for Children”; TSST-C) which has been 
described in detail elsewhere (Buske-Kirschbaum et al., 1997). To assess cortisol levels in 
children and adults, salivary cortisol samples were obtained repeatedly 2 (t1) minutes before 
the TSST (t1) as well as 2 (t2), 10 (t3), 20 (t4), and 30 (t5) minutes after the termination of the 
TSST using “Salivettes“ (Sarstedt; Rommelsdorf, Germany). All samples were collected for 
determination of the unbound and biologically active fraction of cortisol and were kept at -
20°C until analysis. Salivary cortisol samples were prepared for biochemical analysis by 
centrifuging at 3000 rpm for five minutes, which resulted in a clear supernatant of low 
viscosity. Salivary free cortisol concentrations were determined employing a 
chemiluminescence immunoassay (CLIA) with high sensitivity of 0.16 ng/ml (IBL; Hamburg, 
Germany). Intra and interassay coefficients of variation were below 8%. 
 
4.3.4 Psychological and sociodemographic assessment in the newborns  
To assess the perception of recent stress, mothers were asked to fill in the Perceived Stress 
Scale (PSS) (Cohen & Williamson, 1988) and the Trier Inventory for the Assessment of 
Chronic Stress (TICS) (Schulz, Schlotz, & Becker, 2004) on the day of the heel prick. In 
addition, a general questionnaire about sociodemographic status, mode of delivery, nutrition 
and psychological condition including a global participative rating on stress during pregnancy 
(i.e. whether they experienced stress or not) was given. 
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4.3.5 Psychological and sociodemographic assessment in children and adults 
Participants of the younger adult sample, as well as the parents of the children sample, 
underwent a semistructured screening for psychiatric or neurological disorders or treatment 
and an interview for the assessment of SLEs. This interview is based on the life history 
calendar (LHC) which collects detailed retrospective data about SLEs, e.g. death of close 
relatives or friends, serious illness or injury, relationship stressors, major difficulties at work 
or in school, financial problems, and experienced disasters (Axinn, Pearce, & Ghimire, 1999; 
Freedman, Thornton, Camburn, Alwin, & Young-demarco, 1988). Validity and reliability of 
the LHC is enhanced through its use of memory cues, relating one event to other events that 
occurred about the same time: It elicits easily recalled memories of a personal matter and uses 
this information to aid the retrieval of less easily recalled information. The LHC uses a 
calendar format which makes it easier to assess consistency and to correct discrepancies. The 
interview combines chronological and theme-based structures that fit to the organization of 
autobiographical memories and support sequencing as well as parallel retrieval approaches. 
Freedman et al. (1988) reported agreement ranging from 72% to 92% between retrospectively 
obtained LHC data in comparison to data obtained 5 years earlier about the respondent’s 
current situation; and Caspi et al. (1996) found 90% agreement over a 3-year period. For the 
older adult sample, the interview was based on the Life Events Questionnaire (LEQ) which 
measures negative life events concerning self or significant others (i.e. parents, siblings, 
partner, children and important people such as a close friend or a confidant) (Kraaij & de 
Wilde, 2001). This questionnaire is a lifetime instrument since the incidence of all events is 
being questioned for different developmental periods, i.e. childhood, adulthood, late 
adulthood and the year prior to the interview. Using the LHC in this sample might have been 
a lot too long and exhausting. 
 
4.3.6 Genotyping 
To obtain DNA samples, in newborns foam-tip buccal cell collection swabs (Epicentre, 
Madison, USA) and in children and adults Oragene DNA Extraction kits (DNA Genotek, 
Ottawa, Ontario, Canada) were used. Participants were genotyped for the 43 base pair 
insertion/deletion polymorphism in the regulatory promoter region of the serotonin transporter 
gene (5-HTTLPR) as previously described (Lesch et al., 1996). The A/G SNP was 
investigated by MspI after digestion and electrophoresis on a 2% agarose gel containing 
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ethidium bromide as previously described (Wendland, Martin, Kruse, Lesch, & Murphy, 
2006). Thus, the 5-HTTLPR is a functional tri-allelic locus (S, LA and LG) with S and LG 
alleles grouped together as they show comparable low transcription activity (Hu et al., 2006; 
Hu et al., 2005; Wendland, Martin, Kruse, Lesch, & Murphy, 2006). We also grouped 
together SA and SG since frequency of is extremely low (~0.25%) (Wendland, Martin, Kruse, 
Lesch, & Murphy, 2006). Triallelic genotypes were reclassified into a biallelic model by their 
level of expression as follows: S/S, S/LG, LG/LG were grouped to the S/S group, S/LA, LG/LA 
to the S/L group and only LA homozygotes to L/L group, respectively. Frequencies of the 
three 5-HTTLPR genotypes including the A/G SNP for all three samples are shown in Table 5. 
Genotype distribution in newborns was not in Hardy-Weinberg equilibrium (p<.05) since 
there was a significant deviation for female newborns (p<.05). Genotype frequencies for 
children (p=.96), younger adults (p=.93) and older adults (p=.99) were in Hardy–Weinberg 
equilibrium. 
 
Table 5. Genotype frequencies and percentages for 5-HTTLPR including the A/G SNP (dbSNP: 
rs25531). 
 N % 
5-HTTLPR biallelic classification in newborns   
SS, SLG, LGLG 37 29.4 
SLA, LGLA 46 36.5 
LALA 43 34.1 
5-HTTLPR biallelic classification in children   
SS, SLG, LGLG 28 24.3 
SLA, LGLA 59 51.3 
LALA 28 24.3 
5-HTTLPR biallelic classification in younger adults   
SS, SLG, LGLG 26 25.0 
SLA, LGLA 50 48.1 
LALA 28 26.9 
5-HTTLPR biallelic classification in older adults   
SS, SLG, LGLG 21 21.2 
SLA, LGLA 49 49.5 
LALA 29 29.3 
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4.3.7 Statistical analyses 
The average cortisol levels in all points in time were computed and tested for univariate 
normality in all samples (Kolmogorov-Smirnov-Test). While in the newborn and younger 
adult sample, cortisol levels did not deviate from normal distribution (p>.05), cortisol data in 
the children’s and older adult’s sample had to be log-transformed before conducting 
subsequent analyses. 
In newborns, endocrine data were entered in repeated measures ANOVA with time point of 
saliva sampling (pre and post heel prick) as within-participant factor, and genotype (S/S vs. 
S/L vs. L/L) as between-participant factor. ANOVAs on stress-induced alteration levels to the 
TSST (and TSST-C) as within-participant factor and genotype (S/S vs. S/L vs. L/L) as 
between-participant factor were conducted for the children and adult samples. Here, the 
cortisol response to the TSST was defined as the independent variable, i.e. the increase from 
baseline (2 minutes before the TSST) to the peak level (10 minutes after the TSST). 
We carried on with analyzing the possible environmental impact in newborns, e.g. the 
influence of prenatal or perinatal factors on the endocrine stress response. ANOVAs for 
repeated measure were conducted with cortisol data, respectively, as within-participant factor 
and genotype (S/S vs. S/L vs. L/L), mothers’ ratings on stress, mode of delivery and birth 
weight as between-participant factors. For these analyses, with respect to weight the sample 
was divided into four groups. These groups did not differ with regard to genotype (p=.13). For 
the measure of experienced stress during pregnancy, the sample was divided into two groups 
with comparing mothers who experienced no stress at all during pregnancy with those who 
reported stress. The groups did not differ with regard to genotype (p=.51). For the measure of 
mothers’ chronic stress, the sample was divided into four groups regarding the sum scores of 
TICS and PSS questionnaire. These groups did not differ with regard to genotype (all p³.24).  
In subsequent analyses, the interaction of SLEs with 5-HTTLPR on the endocrine stress 
response was examined in children. ANOVAs were conducted with the stress-induced 
alteration levels to the TSST-C), respectively, as within-participant factor and genotype (S/S 
vs. S/L vs. L/L). In addition, the total number of SLEs (SLE-T) reported was used for 
determining life stress. All samples were divided into three SLE-T groups via percentile 
grouping (low, moderate and high life stress), which did not differ with regard to genotype 
and gender (all p≥.08). For children and younger adult sample, another measure of cumulative 
stress was analyzed, i.e. accumulated stress over the first five years of early life (SLE-E). 
Both samples were also divided into three SLE-E groups which did not differ with regard to 
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genotype and gender (all p≥.12). For older adults, this measure was unfortunately not 
available. Furthermore, the sample of younger adults was divided into two SLE groups (SLE-
S) for the comparison of individuals with moderate life stress (number of SLEs ≤ 14) and 
individuals with severe life stress (number of SLEs >14). Groups did not differ with regard to 
menstrual cycle and genotype (all p³.37). 
Bonferroni adjusted post-hoc analyses and follow-up ANOVAs for group comparisons were 
conducted where appropriate. For determination of effect size, partial Eta2 for significant 
effects was estimated. Degrees of freedom were Greenhouse-Geisser corrected where 
appropriate. Level of significance was α=.05 for all analyses. All statistical analyses were 
performed using SPSS for Windows (Version 15, Chicago, IL, USA). 
4.4 Results 
4.4.1 Genotype impact on cortisol response in newborns 
Since these data have been described in detail elsewhere (Mueller, Brocke, Fries, Lesch, & 
Kirschbaum, in press), only results crucial for a comparison of 5-HTTLPR impact on cortisol 
stress responses across the life-span are presented here. Genotype groups did not differ with 
regard to birth weight (F4,121=6.25, p=.18), mode of delivery (χ²111=2.84, p=.24), or gender 
(χ²126= 1.40, p=.50). ANOVA of repeated measures showed a significant main effect of the 
heel prick on the salivary cortisol response (F1,119=69.63, p<.001, η2=0.36) in all newborns. 
Beyond, ANOVA of repeated measures revealed a main effect for 5-HTTLPR (F2,126=4.01, 
p<.05, η2=0.06) as illustrated in Figure 15. 
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Figure 15. Cortisol responses (mean ± standard error of mean) to heel prick stress shown for the three 
genotype groups (S/S including S/S, S/LG, LG/LG; S/L including S/LA, LG/LA and L/L including LA/LA) 
in newborns. 
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Newborns with the S/S genotype showed higher stress responses than newborns with the L/L 
genotype (p<.05). 
 
4.4.2 Genotype impact on cortisol response in children 
Genotype groups did not differ with regard to gender (χ²115= 0.68, p=.71) or age (χ²115= 8.23, 
p=.22) but there was a trend for group differences for school grades (χ²110= 12.01, p=.06). 
ANOVA for repeated measures revealed a significant main effect of the TSST-C on the 
salivary cortisol response (F4,115=89.97, p<.001, η2=0.45) in all children. However, univariate 
ANOVA did not reveal a significant effect of 5-HTTLPR on the cortisol response (F2,115=0.06, 
p=.94) as illustrated in Figure 16. 
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Figure 16. Cortisol responses (mean ± standard error of mean) to the TSST shown for the three 
genotype groups (S/S including S/S, S/LG, LG/LG; S/L including S/LA, LG/LA and L/L including LA/LA) in 
children (mean age 9.3 yrs., range 8-11 yrs.) 
 
4.4.3 Genotype impact on cortisol response in adults 
In younger adults, genotype groups did not differ in gender (χ²114= 2.08, p=.35) or age 
(F2,114=1.45, p=.24). However, since the female participants of this sample differed 
significantly in menstrual cycle (χ²106= 20.06, p<.001), this was included in the factor gender 
(men vs. luteal phase or non-luteal phase in women). Due to missing data, which occurred 
when female participants were not asked for information on menstrual cycle during testing, 
was not for the sample size was reduced to N=106. ANOVA for repeated measures showed a 
significant main effect of the TSST on the salivary cortisol response in the younger adult 
sample as well (F4,114=91.01, p<.001, η2=0.45). Besides, ANOVA revealed a significant main 
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effect for 5-HTTLPR (F2,106=3.79, p<.05, η2=0.07) on the cortisol response with individuals 
with the L/L genotype showing a significant higher stress response than individuals with the 
S/L genotype (p<.05) as illustrated in Figure 17. No differences were found between 
individuals with the S/L genotype and S/S or between individuals with the S/S and L/L 
genotype (all p³.17) 
In addition, a main effect for gender was found (F2,106=3.30, p<.05, η2=0.06), with male 
individuals showing a significantly higher endocrine response in comparison to women in the 
non-luteal phase (p<.01). No differences were observed between women across the menstrual 
cycle or between males and women in the luteal phase, respectively (all p³.28). 
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Figure 17. Cortisol responses (mean ± standard error of mean) to the TSST shown for the three 
genotype groups (S/S including S/S, S/LG, LG/LG; S/L including S/LA, LG/LA and L/L including LA/LA) in 
younger adults (mean age 23.9 yrs., range 19-31 yrs.). 
 
In older adults, genotype groups differed in gender distribution (χ²99= 4.46, p<.05), thus 
gender was added as a covariate. Genotype groups did not differ in age (F2,99=1.54, p=.22). 
ANOVA for repeated measures showed a significant main effect of the TSST on the salivary 
cortisol response (F4,99=144.38, p<.001, η2=0.60) in the older adult sample (see Figure 18). 
Women and men differed significantly in their cortisol response with a larger increase 
observed in men (F1,99=7.80, p<.01, η2=0.07). Additionally, ANOVA revealed only a 
tendency towards a 5-HTTLPR influence on the cortisol response (F2,99=1.69, p=.19). 
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Figure 18. Cortisol responses (mean ± standard error of mean) to the TSST shown for the three 
genotype groups (S/S including S/S, S/LG, LG/LG; S/L including S/LA, LG/LA and L/L including LA/LA) in 
older adults (mean age 61.1 yrs., range 54-68 yrs.). 
 
4.4.4 Impact of SLEs and genotype on the cortisol response 
In newborns, no significant interaction effects were found for genotype and either prenatal 
(PSS and TICS sum scores, global participative rating on stress during pregnancy) or perinatal 
(birth weight or mode of delivery) factors on the endocrine stress response (all p≥.62). 
In children, analyses of 5-HTTLPR and SLE-T (F4,115=0.51; p=.73) or SLE-E (F4,115=0.41; 
p=.80) and showed no significant interaction impact on the endocrine stress response. 
Due to very small cell sizes, we could not include gender as an additional factor in our main 
ANOVA in younger adults but used it as a covariate. Here, analyses concerning 5-HTTLPR 
and SLE-T (F4,106=0.21; p=.93) showed no significant interaction on the endocrine stress 
response. However, there was a nearly significant interaction of 5-HTTLPR and SLE-E 
(F4,106=2.46; p=.05) on the endocrine stress response. Compared to S/S and S/L genotype 
groups, individuals with the L/L genotype showed the highest endocrine stress response after 
the experience of few or moderate SLEs, which interestingly decreased when SLEs increased 
(see Figure 19). For individuals with both S alleles the endocrine stress response did not vary 
notably in relation to the number of SLEs. For individuals with the S/L genotype, the 
endocrine stress response decreased from moderate to high number of SLEs. 
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Figure 19. Stress-induced alteration levels of cortisol to the TSST shown in dependence of number of 
SLEs (low, moderate, high) during the first five years of life and the three genotype groups (S/S 
including S/S, S/LG, LG/LG; S/L including S/LA, LG/LA and L/L including LA/LA) in younger adults 
(mean age 23.9 yrs., range 19-31 yrs.). 
 
In younger adults, analyses concerning SLE and 5-HTTLPR showed another significant 
interaction effect on the endocrine response when comparing the group with very high life 
stress (SLE>14) against the rest (F2,106=5.93, p<.001, η2=0.09). Individuals with the L/L 
genotype exhibited a positive correlation between their endocrine stress response and the 
number of critical life events (see Figure 20). 
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Figure 20. Stress-induced alteration levels of cortisol to the TSST shown in dependence of the number 
of SLEs (low and moderate vs. severe) across the entire lifespan and the three genotype groups (S/S 
including S/S, S/LG, LG/LG; S/L including S/LA, LG/LA and L/L including LA/LA) in younger adults 
(mean age 23.9 yrs., range 19-31 yrs.). 
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In contrast, individuals with at least one S allele exhibited a negative correlation between their 
endocrine stress response and the number of SLEs. 
In older adults, SLE-T and 5-HTTLPR showed no significant interaction effect on the cortisol 
stress response (F4,99=0.66; p³.14). 
 
4.5 Discussion 
The present study set out to extend the findings concerning the repeatedly reported 
association of 5-HTTLPR and SLEs on negative emotionality (Caspi et al., 2003; Grabe et al., 
2005; Kendler, Kuhn, Vittum, Prescott, & Riley, 2005) by investigating the association of 5-
HTTPLR genotypes and adverse events on stress reactivity across the life span.  
Our data showed a significant impact of the 5-HTTLPR on the HPA axis, with a higher 
cortisol stress response in a sample of newborns homozygous for the S allele. Most 
interestingly, this association between genotype and endocrine stress responsiveness appears 
to change with increasing age. While in the children sample differences in stress responsive 
was no longer found, the direction was reversed in adults. Here, individuals with the L/L 
genotype showed significantly higher endocrine responses after acute psychosocial stress.  
In search of factors that might explain the observed switch in genotype-stress responsiveness 
interaction, we found evidence for an impact of SLEs: Here, individuals with the L/L 
genotype showed the highest stress response. This result adds to the voluminous literature 
which describes the significant impact of early environmental factors to modify the 
development and subsequent function of HPA as first described more than 40 years ago 
(Levine, 1957). 
Thus, the individual’s stress response to environmental insults seems to be moderated by the 
personal genetic makeup. This is in accord with results of Canli et al. (2006), who found a 
negative correlation between life stress and neural activation to negatively valenced stimuli in 
the S group, and a positive correlation in the L group (Canli et al., 2006). The present findings 
study further support the gene-environment interaction which states that individual’s 
sensitivity towards alterations of HPA axis activity does additionally depend on the personal 
experience of SLEs. 
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In addition, Herman et al. (2003) elucidated a model consisting of two stress pathways 
depending on the sort of the stressors. Real physiological stressors embody an authentic 
homeostatic challenge and are considered to be reactive. In contrast, anticipatory responses 
are elicited in the absence but in anticipation of a physiological threat and involve 
involvement of higher brain structures (Herman et al., 2003). Since the TSST induces social 
stress, this method represents an anticipatory response, while on the other hand the heel prick 
displays a reactive pattern and seems to present a physiological stressor. In addition, 
anticipatory responses are considered to be under the control of limbic brain regions, such as 
the amygdala, the PFC and the hippocampus. It is well known that the amygdala as well as 
amygdala-prefrontal coupling has been found to be influenced by the 5-HTTLPR genotype 
(Canli et al., 2005; Canli et al., 2006; Hariri et al., 2002; Heinz et al., 2005; Pezawas et al., 
2005). However, since the PFC in newborns is not engaged in any emotion regulation yet, this 
strong response in newborns homozygous for the S allele of 5-HTTLPR can be ascribed to an 
effect of the limbic system. Maturation of the human PFC starts prenatal and continues into 
puberty and beyond (Gogtay et al., 2004). It was shown that chronic stress during brain 
development or in childhood may impact on PFC structure and function in adulthood stress 
(Murmu et al., 2006), and on the contrary, resilient responses in adulthood have been shown 
to be associated with the exposure to mild stress in childhood in rats (Parker, Buckmaster, 
Justus, Schatzberg, & Lyons, 2005). Taken together, the TSST and the heel prick probably 
trigger two very different domains of fear and may therefore result in different endocrine 
outcomes as observed in this study.  
Our results provide further support an association of the HPA axis activity and the 
serotonergic system (Fuller, 1996b; Lowry, 2002). It is well documented that serotonin can 
alter HPA axis function at the hypothalamic, pituitary, and adrenal level (Chaouloff, 2000). 
For instance, Tafet et al. (2003) proposed that there is a link between high cortisol levels 
resulting from HPA dysregulation and decreased serotonergic activity (Tafet & Bernardini, 
2003). Albeit individual differences in HPA axis activity might impact on individual’s 
vulnerability for psychopathology, e.g. depression or anxiety disorders (Chrousos, 2000; 
Dallman et al., 1987; Fries, Hesse, Hellhammer, & Hellhammer, 2005; McEwen, 2005), a 
causal relation between HPA axis alterations and psychopathology remains uncertain. 
However, our data imply that newborns with both S alleles show a larger reactivity of the 
HPA axis. It is known that 5-HT acts as a trophic factor modulating developmental processes 
such as neuronal division, differentiation, migration, and synaptogenesis (Gaspar, Cases, & 
Maroteaux, 2003) and hence, lifelong decreased 5-HTT function might be due to divergent 
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events occurring during early brain maturation (Ansorge, Zhou, Lira, Hen, & Gingrich, 2004). 
After the experience of SLEs and mediated via a likely increased reactivity of the limbic 
system, individuals with both S alleles might be potentially more vulnerable to HPA axis 
disturbances and affective disorders. 
On the contrary, the lower adrenocortical response to acute psychosocial stress in adults with 
the lower expressing S allele of 5-HTTLPR might account for a reduced 5-HT uptake in vitro 
and thus, prevent of the risk factor stress. 
Our findings are consistent with the study of Oberlander et al. (2008) who reported an 
association between adverse neonatal outcomes and gestational SSRI exposure in infants 
which was moderated by 5-HTTLPR (Oberlander et al., 2008). Their findings showed a 
biphasic pattern. Both L alleles of 5-HTTLPR seemed to compensate and protect these infants 
from increased intrasynaptic 5-HT associated with prenatal exposure while the less efficient 
SS genotype in combination with the SRI-induced 5-HT blockade resulted in greater 5-HT 
levels. Contrariwise, in the later neonatal period this persistent increased postsynaptic 5-HT 
receptor sensitivity resulting from suppressed 5-HT reuptake and thus decreased levels of 
intrasynaptic 5-HT led to adverse neonatal outcomes such as increased risk for respiratory 
distress. 
Similar results have been found in studies with panic disorder patients who were showing a 
blunted cortisol release to CRH stimulation (Roy et al., 1986) or a lacking increase after 
psychosocial stress (TSST) (Petrowski, Joraschky, Herold, & Kirschbaum, unpubl.). This 
hypocortisolism has also been observed in participants with posttraumatic stress disorder 
(PTSD) (Rohleder, Joksimovic, Wolf, & Kirschbaum, 2004; Yehuda, Teicher, Trestman, 
Levengood, & Siever, 1996) such that, PTSD participants showed lower cortisol levels during 
the morning and evening compared to normal participants a stronger and circadian rhythm of 
cortisol reflecting a prolonged and shorter duration of peak cortisol release (Yehuda, Teicher, 
Trestman, Levengood, & Siever, 1996). On the other hand, while an acute stress-induced rise 
in cortisol was shown to increase serotonin turnover in mice (Davis & Emory, 1995), chronic 
stress caused an increase in plasma cortisol and a thereupon reduction in 5-HT turnover and 
release. 
In addition, the lower adrenocortical response to acute psychosocial stress in adults carrying 
the lower expressing S allele of 5-HTTLPR might account for reduced 5-HT uptake in vitro 
and prevent of the risk factor stress. Since serotonin acts as a trophic factor modulating 
developmental processes such as neuronal division, differentiation, migration, and 
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synaptogenesis (Gaspar, Cases, & Maroteaux, 2003), lifelong decreased 5-HTT function may 
be explained by divergent events occurring during early brain maturation (Ansorge, Zhou, 
Lira, Hen, & Gingrich, 2004). Ansorge et al. (2004) could show that an early-life blockade of 
serotonin can modulate brain circuits or gene expression responsible for S carriers of 5-HTT 
alleles to emotional behavior. Such as the long-term use of SSRI during pregnancy or by 
young children reduces 5-HTT functions which in turn might lead to unsuspected risks in later 
emotional disorders in later life. 
Recently, a converse effect of 5-HTTLPR on HPA axis activity was reported in a sample of 
female children with girls homozygous for the S allele showing stronger cortisol responses 
than girls with at least one L allele (Gotlib, Joormann, Minor, & Hallmayer, 2008). However, 
they used a different stress task that apparently induced significant stress in a smaller 
subgroup of individuals tested. Besides, in this study only girls aged 9 to 14 were investigated 
while we examined children (8 to 11yrs.) as well as younger (19 to 31yrs.) and older adults 
(54-68 yrs.) of both genders. 
Limitations of our study shall be discussed here shortly. As genotype distribution was not in 
Hardy-Weinberg equilibrium for the newborn sample, these results need to be considered 
with caution, even though others have detected such issues as well (Mandelli et al., 2007). 
Furthermore, sample size was relatively small. For further research, a more sophisticated 
assessment of maternal stress needs to be considered since prenatal and perinatal 
environmental factors have potential influence on the development of the fetus. Therefore, 
results of prenatal and perinatal data in association with 5-HTTLPR impacting on the stress 
response need to be interpreted with caution. 
It should be noted that the development of the serotonergic system is still in progress until at 
least the end of the first postnatal year (Kinney, Belliveau, Trachtenberg, Rava, & Paterson, 
2007). Since we analyzed data from different samples between 3 days old and 31 years old, 
we were able to observe the effects of 5-HTTLPR in different stages of life and development.  
Concerning our interview data, it should be taken into account that although the LHC and 
LEQ have been shown to reliably elicit memories, biases can not be entirely ruled out. 
Furthermore, our participants may have differed in their ability to remember events accurately 
despite the use of memory cues and the calendar format of the LHC method. Also, it should 
be noted that the majority of reported SLEs was fairly modest, consisting of family conflicts, 
relationship problems or problems in school and only in some cases death of close family 
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members or friends or past severe illnesses, diseases or injuries. For instance, no physical or 
sexual abuse was reported. 
This is the first time that a significant main effect of 5-HTTLPR on stress reactivity could be 
shown in newborns. Results strengthen evidence for the association of the 5-HTT gene and 
HPA axis (re)activity with newborns with the S/S genotype showing a higher stress response 
in comparison to newborns with the L/L genotype. More importantly, our results show a 
reverse effect of 5-HTTLPR across lifespan with the highest endocrine stress response in 
individuals with both L alleles in adulthood. The reasons for this apparent age-related change 
remain illusive; however, SLEs may be among the factors responsible for this phenomenon. 
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5 STUDY III 
 
INTERACTION EFFECT OF D4 DOPAMINE RECEPTOR 
GENE AND SEROTONIN TRANSPORTER PROMOTER 
POLYMORPHISM ON THE CORTISOL STRESS 
RESPONSE 
 
5.1 Abstract 
Genetic variation of the serotonin transporter (SCL6A4, 5-HTT) has been associated with fear- 
and anxiety-related behaviors, while a polymorphism in exon III of the D4 dopamine receptor 
gene (DRD4) has been linked to novelty-seeking. The dopaminergic and the serotonergic 
neurotransmitter system have been found to modulate the amygdala-connected circuitries that 
are crucial in emotional modulation and response to fearful stimuli. Additionally, reactivity of 
amygdala-innervated effector systems is also essential for our understanding of anxiety-
related behaviors. Here, we used the stress-induced activation of the hypothalamic-pituitary-
adrenal axis to investigate the impact of 5-HTTLPR and DRD4 on the cortisol stress response 
in 84 healthy adults. Saliva cortisol was measured during and after the Trier Social Stress 
Test. We found a significant main effect of DRD4: Carriers of the 7R allele exhibited lower 
cortisol responses. Additionally, a DRD4 by 5-HTTLPR interaction emerged: 5-HTTLPR 
LA/LA homozygotes showed a lower cortisol response than S or LG allele carriers but only if 
they possessed at least one copy of the DRD4 7R allele. The results point to independent and 
joint effects of these polymorphisms on stress responsivity. 
 
Keywords: Cortisol, stress, HPA, 5-HTTLPR, DRD4, amygdala, PFC 
 
Reference: Armbruster, D. *, Mueller, A. *, Moser, D.A., Lesch, K.P., Brocke, B., & 
Kirschbaum, C. Interaction effect of D4 dopamine receptor gene and serotonin transporter 
promoter polymorphism on the cortisol stress response. Submitted to Behavioral 
Neuroscience. (*these authors contributed equally to the work) 
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5.2 Introduction 
Personality traits and emotion-related behaviors are generated by a multitude of genetic and 
environmental factors yielding additive as well as interactive effects (Goldman, Oroszi, & 
Ducci, 2005). Among the most frequently studied genes in this respect are the dopamine D4 
receptor gene, and the serotonin transporter gene, respectively.  
The dopamine D4 receptor is highly expressed in the PFC, hippocampus, amygdala and 
hypothalamus and has been proposed to inhibit neural firing, especially in the PFC (Oak, 
Oldenhof, & Van Tol, 2000; Wang et al., 2004). The human dopamine D4 receptor gene is 
located on chromosome 11p15.5 and includes in its third  exon  a 48 bp variable number of 
tandem repeats (VNTR) polymorphism which contains 2–11 repeats (2R-11R) and is located 
in a region that encodes the putative third cytoplasmic loop of the receptor (Wang et al., 
2004). The DRD4 2R, 4R, and 7R variants represent over 90% of the observed population 
allelic variety with the most common 4R allele as the suggested conserved ancestral allele 
(Wang et al., 2004). Any deviation from this variant might potentially modify the D4 receptor 
function, although research has been concentrating mainly on the 7R allele and to a somewhat 
lesser degree on the 2R allele. The DRD4 7R allele has been shown to result in blunted signal 
transduction ability and thus in reduced cAMP levels resulting in decreased transcription 
factor activation compared to the other DRD4 receptor length variants (Oak, Oldenhof, & Van 
Tol, 2000). Additionally, over 67 haplotypes composed of different 48 bp motifs have been 
found that might also contribute to the resulting receptor efficiency (Wang et al., 2004). 
The DRD4 exon III polymorphism has been found to contribute to behavioral and personality 
traits and its 7R allele has been associated with increased measures of novelty seeking 
(Ebstein, 2006) and a higher risk for Attention-Deficit Hyperactivity Disorder (ADHD) 
(Faraone et al., 2005) although the results have been somewhat inconsistent. At least some of 
those inconsistencies might be due to differences in DRD4 classification. The serotonin 
transporter (SLC6A4, 5-HTT) strongly modulates serotonin function and is a major therapeutic 
target in several mental disorders, including anxiety and depression. A functional 
polymorphism of the 5′ flanking region of the serotonin transporter gene (17q11.2, 5-
HTTLPR), is an intensely studied locus and its role in diverse neuropsychiatric phenotypes 
has been investigated in numerous studies (Glatt & Freimer, 2002). 5-HTTLPR is a 43bp 
insertion/deletion polymorphism with a long (L) variant comprising 16 copies of the repeat 
sequence and a short (S) variant comprising 14 copies. Among Caucasians, the frequency of 
the L and S allele is ~0.60 and ~0.40, respectively (Gelernter, Cubells, Kidd, Pakstis, & Kidd, 
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1999; Lesch et al., 1996). The S allele is associated with lower transcriptional efficiency of 
the serotonin transporter and lower levels of serotonin uptake and appears to be dominant 
(Heils et al., 1996; Lesch et al., 1996). This has lead to the grouping of S/S and S/L genotypes 
in many but not all association studies (Caspi et al., 2003; Hariri et al., 2002; Kang, 
Namkoong, & Kim, 2008; but see Kendler, Kuhn, Vittum, Prescott, & Riley, 2005). 
The S allele has repeatedly been associated with increased scores in measures of negative 
emotionality including anxiety, although this association seems to depend on the personality 
inventory used (Munafo, Clark, & Flint, 2005; Schinka, Busch, & Robichaux-Keene, 2004; 
Sen, Burmeister, & Ghosh, 2004). Results from genomic imaging studies suggest that S allele 
carriers exhibit stronger amygdala activity in response to fear stimuli than L/L homozygotes 
(Hariri et al., 2002). Since serotonergic neurons densly innervate the amygdala and 5-HT 
receptors have been found throughout amygdala subnuclei (Azmitia & Gannon, 1986) the 
amygdala might be uniquely susceptible to genetic variation influencing serotonergic function 
(Hariri & Weinberger, 2003). Furthermore, imaging data indicate that the amygdala response 
to anxiety-related stimuli and the connectivity of the amygdala with prefrontal brain structures 
is differentially modulated by the 5-HTTLPR. Carriers of the S allele displayed stronger 
amygdala activation and a weaker amygdala-prefrontal coupling in reaction to emotional 
stimuli (Canli et al., 2005; Canli et al., 2006; Heinz et al., 2005; Pezawas et al., 2005). The 
observed amygdala hyperactivity in S allele carriers might reflect an alteration in the 
downregulation of the amygdala response. 
The activity of the HPA axis has been found to be influenced by a limbic regulatory network: 
projections of amygdala subnuclei innervate the hypothalamic paraventricular nucleus (PVN) 
directly or indirectly via the bed nucleus of the stria terminalis (BNST) (Jankord & Herman, 
2008; LeDoux, 2000; Phelps & LeDoux, 2005). Furthermore, the PFC has also been reported 
to play a significant role in the regulation of the HPA stress response (Jankord & Herman, 
2008). Since dopamine and serotonin appear to influence amygdala and amygdala-prefrontal 
circuits both DRD4 and 5-HTT may be candidate genes that contribute to anxiety-related 
behavior like the stress response. Serotonin modulates the release of both corticotropin 
releasing hormone and arginine vasopressin (Calogero, Bagdy, Moncada, & D'Agata, 1993; 
Fuller, 1996a) and serotonin receptors seem to be involved in the regulation of the HPA axis 
by activating corticosterone and ACTH (Fuller, 1992) and enhance negative feedback (Porter, 
Gallagher, Watson, & Young, 2004). 
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Recent findings revealed that serotonergic neurotransmission is involved in both activation 
and feedback control of the HPA axis in elderly people (O'Hara et al., 2007). However, a 
main effect of 5-HTTLPR genotypes on HPA axis parameters has been reported only in one 
human study so far (Gotlib, Joormann, Minor, & Hallmayer, 2008). 
Gene-gene interactions become increasingly important in research of personality traits and 
endophenotypes as well as for diagnostic and therapeutic approaches. Recent studies 
demonstrated, that the impact of 5-HTTLPR on neuropsychiatric outcomes interacts with 
DRD4. Ebstein et al. (1998) were the first to report a gene-gene interaction effect on child 
temperament. Neonates homozygous for the 5-HTTLPR S allele and without the DRD4 7R 
allele showed lower orientation scores and a reduced interactive behavior. Consistently, 2-
months-old S/S homozygotes without the DRD4 7R allele showed lower scores on an 
orientation cluster (Auerbach et al., 1999). Additionally, a measure of sustained attention in 
12-month-old infants was also influenced by both polymorphisms: 5-HTTLPR S/S 
homozygotes and carriers of long alleles of DRD4 had the lowest score for duration of 
looking during block play (Auerbach, Faroy, Ebstein, Kahana, & Levine, 2001). Thus, DRD4 
and 5-HTTLPR seem to contribute to variations in cognitive development (Auerbach, Faroy, 
Ebstein, Kahana, & Levine, 2001). The S allele of 5-HTTLPR and the DRD4 7R allele were 
found to be cumulative risk factors for behavior problems in children (Schmidt, Fox, & 
Hamer, 2007). 
To further elucidate the role of 5-HTTLPR and DRD4 in fear processing, we examined their 
impact on the cortisol stress response. Using the Trier Social Stress Test, a standardized 
laboratory protocol for the induction of psychosocial stress in humans (Kirschbaum, Pirke, & 
Hellhammer, 1993) we tested the independent and joint influences of both polymorphisms 
upon the activity of the HPA-system. In a recent meta-analysis, the TSST was shown to be the 
most reliable laboratory stress protocol for the induction of acute cortisol responses to date 
(Dickerson & Kemeny, 2004). Both 5-HTT and DRD4 have been found to be highly 
expressed in regions that are crucial for the processing of emotional information namely the 
amygdala and the PFC (Oak, Oldenhof, & Van Tol, 2000). These regions have also been 
reported to exert influence on the HPA axis response to acute stress (Jankord & Herman, 
2008). However, there is also the possibility that 5-HTTLPR exerts its influence on a more 
direct route since the PVN receives inputs from serotonergic neurons in the brainstem 
(Weidenfeld, Newman, Itzik, Gur, & Feldman, 2002). 
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We took into account that while 5-HTTLPR has been considered functionally bi-allelic, 
recently an A/G single nucleotide polymorphism (SNP) within 5-HTTLPR (rs25531) was 
discovered which leads to two functionally different variants of the L allele (Hu et al., 2006; 
Hu et al., 2005; Nakamura, Ueno, Sano, & Tanabe, 2000). The presence of the G allele within 
the L variant (termed LG), occurring in about 6.5% of Caucasians, creates an AP2 
transcription-factor binding site that appears to suppress 5-HTT transcription (Hu et al., 2005; 
Kraft, Slager, McGrath, & Hamilton, 2005). Hu et al. (2006) examined 5-HTT mRNA 
expression and found a low, nearly equivalent expression for the S and LG alleles. Therefore, 
in the present study we examined the influence of the tri-allelic 5-HTTLPR polymorphism 
(LA, LG, and S allele). 
Concerning DRD4 the 7R allele has been associated with a diminished ability to reduce 
cAMP in comparison to shorter alleles (Oak, Oldenhof, & Van Tol, 2000) although there is 
disagreement regarding the optimal allele grouping especially concerning rarer variants (see 
Wang et al., 2004). For instance, the short 2R variant has been recently suggested to be 
genetically and functionally related to the long 7R allele with both alleles showing blunted 
cAMP response although the 2R allele response appears to be intermediate between those of 
the 4R and 7R variants (Kang, Namkoong, & Kim, 2008; Reist et al., 2007; Wang et al., 
2004). However, in other studies DRD4 2R, 3R, and 4R carriers were grouped together on the 
basis of allele length and were compared to carriers of longer alleles or participants have been 
grouped by the presence or absence of the 7R allele. In addition, Ding et al. (2002) reported 
that most haplotypes were found in rare allele variants like 3R, 5R, or 6R thus resulting in 
rather uncertain assumptions toward their functional relevance and the ensuing genotype 
grouping. Therefore, to avoid potentially confounding factors we only compared DRD4 
4R/4R homozygotes with carriers of the 7R allele (7R/7R and 4R/7R) and excluded 
participants with rarer allele variants. 
 
5.3 Methods 
5.3.1 Participants 
Participants included 59 female and 59 male students of the University of Dresden. Of these, 
117 participants were successfully genotyped for 5-HTTLPR and DRD4. As described above 
we only included participants with the more common DRD4 4R and 7R allele variants and 
compared 4R/4R homozygotes with 7R allele carriers (7R/7R and 4R/7R genotype). The final 
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sample consisted of 41 female and 43 male adults (mean age 23.9 yrs., SD=2.67, range 19-31 
yrs.). All participants underwent a semistructured screening for psychiatric or neurological 
disorders or treatment. All participants were non-smokers and none of the female participants 
used oral contraceptives. Participants were informed about the aims of the study, gave written 
informed consent and were paid 40 Euros. The study design was approved by the Ethics 
Committee of the German Psychological Association. 
5.3.2 TSST Psychosocial stress protocol 
The Trier social stress test (TSST) was employed for the induction of psychosocial stress. 
This standardized laboratory stressor consists of a free speech and a mental arithmetic task in 
front of an audience and has been shown to result in significant endocrine, cardiovascular, 
immune, and subjective responses (Kudielka, Hellhammer, & Kirschbaum, 2007). Including 
an introduction and a preparation phase, the total procedure takes approximately 15 min. The 
TSST has been found to elicit the strongest and most reliable cortisol responses to laboratory 
stress compared with other protocols (Dickerson & Kemeny, 2004). 
 
5.3.3 Cortisol analysis 
Salivary cortisol samples were obtained using “Salivettes“ (Sarstedt; Rommelsdorf, Germany) 
and were kept at -20°C until analysis. Samples were collected for determination of the 
unbound and biologically active fraction of cortisol repeatedly immediately before onset of 
the stress sessions as well as 2, 10, 20, and 30 minutes after cessation of stress. Salivary 
cortisol samples were prepared for biochemical analysis by centrifuging at 3000 rpm for five 
minutes, which resulted in a clear supernatant of low viscosity. Salivary free cortisol 
concentrations were determined employing a chemo-luminescence-assay (CLIA) with high 
sensitivity of 0.16 ng/ml (IBL; Hamburg, Germany). Intra and interassay coefficients of 
variation were below 8%. 
 
5.3.4 Procedure 
After a telephone interview checking basic inclusion criteria (e.g. age, health, or medication) 
participants were scheduled for a laboratory session for the induction of psychosocial stress 
by the TSST. Since the circadian variation in cortisol levels is relatively small in the late 
afternoon, all TSST sessions started between 15:00 and 17:00 h. About 10 minutes after 
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arrival a first saliva sample was obtained followed by a rest period of 30 minutes and the 
introduction to the TSST (2 min). Two minutes before the TSST a second saliva sample was 
taken. They then prepared their speech (3 min) and completed a short questionnaire (2 min). 
Afterwards, psychosocial stress was induced by exposing the participants to the TSST, 
consisting of a 5 min free speech in a simulated job interview, and another 5 min of a mental 
arithmetic task in front of an evaluative panel of two individuals. Further saliva samples were 
taken 2, 10, 20, and 30 minutes after the stress paradigm. A final saliva sample was obtained 
for later DNA extraction using ORAgene self-collection kits (DNA Genotek, Ottawa, Ontario, 
Canada). Participants were subsequently debriefed and paid for participation. 
 
5.3.5 Psychological and sociodemographic assessment 
Participants were asked to fill in the Perceived Stress Scale (PSS) which was applied to 
measure perceived stress during the preceding month (Cohen, Kamarck, & Mermelstein, 
1983). The Trier Inventory for the Assessment of Chronic Stress (TICS) was used to assess 
the subjective rating on experienced chronic stress over the last three months (Schulz, 
Schlotz, & Becker, 2004). A German questionnaire (Mehrdimensionaler 
Befindlichkeitsfragebogen, MDBF, Steyer, Schwenkmezger, Notz, & Eid, 1997) was 
employed to evaluate bipolar dimensions of acute psychological mental state (good vs. bad 
mood, alertness vs. tiredness and calmness vs. agitation) before and after the TSST on a 5-
point-scale. The State-Trait Anxiety Inventory (STAI) is a self-report questionnaire for 
measuring anxiety in adults (Spielberger, Gorsuch, & Lushene, 1970) and was used to 
evaluate current feelings of apprehension, tension, nervousness and worry on a 4-point-scale 
before and after the TSST. Furthermore, participants had to complete the Primary Appraisal 
Secondary Appraisal (PASA) scale which was used to measure the subjective meaning of the 
stressor on a 6-point scale. This questionnaire processed appraisals relevant for the TSST: 
primary stress appraisal as ‘Threat’ and ‘Challenge’, as well as secondary appraisal as ‘Self-
Concept of Own Abilities’, ‘Control Expectancy’ (Gaab, Rohleder, Nater, & Ehlert, 2005). 
The visual analog scale (VAS) was also employed to measure the subjective perception of the 
stressor ranging on a 100 mm scale from 0 (“very much”) to 100 (“not at all”). Subjects were 
asked to rate novelty, difficulty, stressfulness, controllability, unpredictability of the task 
(speech and mental arithmetic) and the extent of ego involvement and challenge after the 
TSST. 
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5.3.6 Genotyping 
For genotyping, DNA was isolated from saliva using the ORAgene DNA Extraction kits and 
protocol. 5-HTTLPR L and S alleles were determined as described by Lesch et al. (1996) and 
the A/G SNP within 5-HTTLPR was determined as described by Wendland et al. (2006). Only 
the A variant of the L allele (designated LA) shows high 5-HTT mRNA levels, while the G 
variant (LG) does not. Thus 5-HTTLPR is a tri-allelic locus with alleles designated as LA, LG 
and S with the LG and S alleles apparently having comparable low levels of gene expression 
(Hu et al., 2006; Hu et al., 2005; Kraft, Slager, McGrath, & Hamilton, 2005). For statistical 
testing, the triallelic genotypes were reclassified into a biallelic model by their level of 
expression as follows: LA/LA was reclassified as L´/L´ (N=21, 12 male, age mean 24.14± 
2.55 yrs.), LA/S and LG /LA were reclassified as L´/S´ and LG/S and S/S genotypes were 
reclassified as S´/S´. L´/S´ and S´/S´ genotypes were grouped together (S´ group: N=63, 31 
male, age mean 23.83 ± 2.73 yrs.).  
The DRD4 polymorphism was genotyped as previously reported (Ebstein et al., 1996). 
Carriers of the 7R allele were grouped together (4R/7R and 7R/7R genotypes = 7R+ group; 
N=33, 15 male, age mean 23.87 ± 2.98) and for statistical testing compared to DRD4 4R 
homozygotes (7R- group; N=51, 28 male, age mean 23.92 ± 2.48).  
 
5.3.7 Statistical analysis 
All analyses were performed using SPSS for Windows 15.0 (SPSS Inc., Chicago, IL, USA). 
In the sample of the 84 participants who passed data preprocessing, the five cortisol variables 
were log-transformed because of the highly skewed distribution of the raw cortisol variables 
and the resulting deviation from the normal distribution (Kolmogorov-Smirnov-tests, P<0.20). 
The average log transformed cortisol magnitudes in the six points in time were computed, 
were tested for univariate normality (Kolmogorov-Smirnov-tests, P³0.290) and were then 
entered into a repeated measures analysis of variance (ANOVA) with time as a within-
subjects factor, and 5-HTTLPR and DRD4 genotype as between-subjects factors. 
Furthermore, we conducted an additional ANOVA with sex as an independent factor in order 
to investigate whether this sample was comparable to other samples and that female and male 
participants would differ in their cortisol response. However, due to our relatively small 
sample size we could not include sex as an additional factor in our main ANOVA. 
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Greenhouse-Geisser corrected degrees of freedom were used where appropriate. In terms of 
effect size, partial Eta2 for significant effects was estimated. Pairwise linkage disequilibrium 
between the two SNPs was assessed using 2LD (Zhao, 2004). 
5.4 Results 
5.4.1 Genotype frequencies 
The percentages of the 5-HTTLPR genotypes were 25.0% (n=21) for LA/LA, 11.9% (n=10) for 
LA/LG, 38.1% (n=32) for LA/SA, 10.7% (n=9) for LG/SA, and 14.3% (n=12) for SA/SA. The 
percentages of the DRD4 genotypes were 60.7% (n=51) for 4R/4R, 31.0% (n=26) for 4R/7R, 
and 8.3% (n=7) for 7R/7R. The genotypes of both polymorphisms were in Hardy-Weinberg 
equilibrium (P ³ 0.05). Table 6 gives the genotype frequencies and percentages for both 
polymorphisms. The genetic groups did not differ with regard to age (One-way ANOVAs, all 
P³0.722), or sex (c2-tests, all P³0.503). 
 
Table 6. Genotype frequencies and percentages for 5-HTTLPR and DRD4 polymorphisms. 
 N % 
5-HTTLPR triallelic   
LA/LA 21 25.0 
LA/LG 10 11.9 
LA/S 32 38.1 
LG/S 9 10.7 
S/S 12 14.3 
5-HTTLPR biallelic reclassification   
L´/L´  21 25.0 
L´/S´  42 50.0 
S´/S´ 21 25.0 
DRD4   
4R/4R 51 60.7 
4R/7R 26 31.0 
7R/7R 7 8.3 
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5.4.2 Genotype impact on cortisol response  
Analysis of variance showed a significant main effect of the TSST on the salivary cortisol 
response (F2.0,84=63.85, P£0.000, h²=0.44). In addition, there was a significant effect of 
gender on the overall cortisol response (F1,84=11.80, P=0.001, h²=0.13) with men showing 
larger cortisol responses. 
Analysis of variance revealed a main effect for DRD4 (F1,84= 7.29, P=0.008, h²=0.083) with 
carriers of the 7R allele showing smaller cortisol responses. While there was no significant 
main effect for 5-HTTLPR (P=0.889) on the cortisol response, there was a significant DRD4 
by 5-HTTLPR interaction effect (F1,84= 10.49, P=0.002, h²=0.12): 5-HTTLPR LA/LA 
homozygotes showed the lowest cortisol response but only if they possessed at least one 
DRD4 7R allele (as illustrated in Figure 21 and in Figure 22). 
Table 7 gives the mean cortisol response 20 and 2 minutes before as well as 2, 10, 20, and 30 
minutes after the TSST and standard errors of means for the different genotypes. Figure 21 
illustrates the genotype differences. 
 
Table 7. Mean Cortisol in nmol/l (SEM) for total sample and 5-HTTLPR x DRD4 genotype groups. 
 
Notes. L´/L´ = 5-HTTLPR LA/LA genotype; S´ group = 5-HTTLPR LA/LG, LA/S, LG/S & S/S genotype; 7- = 
DRD4 4R/4R genotype; 7+ = DRD4 4R/7R & 7R/7R genotype  
Sample  N Time 
   20 min 
before  
TSST 
2 min 
before  
TSST 
2 min 
after  
TSST 
10 min 
after  
TSST 
20 min 
after  
TSST 
30 min 
after  
TSST 
total 84 7.50 (0.59) 6.63 (0.52) 10.60 (0.74) 15.22 (1.07) 14.64 (1.00) 11.65 (0.78) 
L´/L´   7- 14 9.83 (1.93) 9.19 (1.35) 14.90 (1.66) 22.12 (2.87) 21.37 (2.73) 16.98 (2.20) 
 7+ 7 5.33 (1.10) 3.70 (0.95) 6.14 (1.63) 8.65 (3.22) 8.33 (3.18) 6.82 (2.52) 
S´ group   7- 37 7.34 (0.92) 5.84 (0.69) 9.45 (1.07) 13.66 (1.40) 12.96 (1.26) 10.23 (0.95) 
 7+ 26 7.06 (0.86) 7.18 (1.05) 11.12 (1.37) 15.49 (1.89) 15.14 (1.75) 12.11 (1.40) 
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Figure 21. Cortisol levels (mean ± standard error of mean) of DRD4 exon III VNTR and 5-HTTLPR 
genotypes on the overall cortisol response. 
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Figure 22. (Supplementary Figure): Increase of cortisol levels (10min after TSST – 2min before 
TSST) in response to the TSST (mean ± standard error of mean) of DRD4 exon III VNTR and 5-
HTTLPR genotypes. 
 
The analysis of differences in baseline cortisol levels 20 minutes before the TSST revealed no 
significant effect for DRD4 (P=0.092), 5-HTTLPR (P=0.920), or the DRD4 × 5-HTTLPR 
interaction (P=0.068). However, there was significant difference in cortisol levels shortly 
before the TSST (2 min) for DRD4 (F1,84=5.34 P=0.023, h²=0.063) and the interaction DRD4 
by 5-HTTLPR (F1,84=11.16, P=0.001, h²=0.12), but not for 5-HTTLPR (P=.769). 
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5.4.3 Genotype impact on psychological and sociodemographic assessment 
No significant main effect was found for DRD4 on the appraisals relevant for the TSST as 
assessed by the VAS and PASA or on the perception of stress as assessed with the PSS 
questionnaire and TICS questionnaire (all P’s ≥ .205). Likewise, there was no significant 
effect of DRD4 on adults’ global subjective rating on psychological mental state as assessed 
with the MDBF questionnaire (all P’s ≥ .164) or self-reported anxiety before or after the 
TSST as assessed with the STAI (all P’s ≥ .421). Similar results were found regarding 5-
HTTLPR: There was no significant main effect of 5-HTTLPR on appraisals relevant for the 
TSST as assessed by the VAS and the PASA. Also, 5-HTTLPR did not affect the adults’ 
subjective stress ratings as assessed with the PSS questionnaire or TICS questionnaire (all P’s 
≥. 465). Similarly, we found no effect of 5-HTTLPR on global subjective rating on 
psychological mental state as assessed with the MDBF questionnaire (all P’s ≥ .222) or on the 
adults’ self-reported anxiety before the TSST as assessed with the STAI (all P’s ≥ .490). 
Likewise, there was no significant DRD4 by 5-HTTLPR interaction effect on any of the 
psychological and sociodemographic measures (all P’s ≥ .198). 
 
5.5 Discussion 
Carriers of the DRD4 7R allele exhibited a significantly smaller cortisol response to the 
induction of social stress than 4R/4R homozygotes. This result is consistent with findings 
concerning the association of the DRD4 7R allele with increased measures of novelty seeking 
(Ebstein, 2006). DRD4 7R allele carriers thus seem to be less deterred by potentially aversive 
novel stimuli. In our study the emotionally negative and threatening qualities of the TSST 
seem to affect carriers of the 7R allele to a lesser extent compared to 4R/4R homozygotes as 
indicated by the cortisol stress response. Furthermore, there was a gene-gene interaction of 
considerable effect size (h²=0.12). 5-HTTLPR LA/LA homozygotes showed the lowest cortisol 
response, but only when they possessed at least one copy of the DRD4 7R allele while LA/LA 
homozygotes who had the DRD4 4R/4R genotype showed the largest cortisol response. Our 
finding is in line with results of Schmidt et al. (2007) who reported less behavioral problems 
like anxiety/depression, withdrawal, aggression or social problems in children with the 5-
HTTLPR L/L genotype and long DRD4 genotypes as measured with the Child Behavior 
Checklist (CBCL) (Achenbach, 1991). 
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Contrary to our expectations there was no main effect of 5-HTTLPR on the cortisol stress 
response. Since carriers of the S allele have been reported to show increased measures of 
negative emotionality and displayed stronger amygdala activation and a weaker amygdala-
prefrontal coupling in response to aversive emotional stimuli in fMRI studies (Canli et al., 
2005; Canli et al., 2006; Hariri et al., 2002; Heinz et al., 2005; Pezawas et al., 2005) we had 
hypothesized a main effect of 5-HTTLPR on the amygdala-modulated activity of the HPA-
system. However, the paradigms used in these fMRI studies are more likely to trigger fear of 
injuries or of animals than fear of negative social evaluation while the TSST is designed to 
induce social stress and fear. Several lines of research (Beck, Carmin, & Henninger, 1998; 
Sundet, Skre, Okkenhaug, & Tambs, 2003) confirmed that there are specific dimensions of 
fear and anxiety like situational fears (heights, darkness), fear of animals, social fears or fear 
of injuries and illness. In twin studies (Kendler, Neale, Kessler, Heath, & Eaves, 1992; 
Sundet, Skre, Okkenhaug, & Tambs, 2003) evidence for common genetic influences on fear 
and anxiety as well as dimension-specific genetic and environmental factors were found.  
White and Depue (1999) conceptualized fear and anxiety as distinctly different emotional 
systems. They characterized the fear system as sensitive to unconditioned and conditioned 
stimuli of physical punishment while anxiety applies to social-evaluative stimuli.  
This distinction bears some resemblance to the concept of Herman et al. (2003) who 
postulated two stress pathways depending on the nature of the stressors: real physiological 
stressors that represent a genuine homeostatic challenge while anticipatory responses are 
generated in the absence but in anticipation of a physiological threat and require interpretation 
by higher brain structures. These anticipatory responses – like the TSST induced social stress 
– are considered under the control of limbic brain regions, such as the amygdala, the PFC and 
the hippocampus (Herman et al., 2003). DRD4 is highly expressed in these regions (Oak, 
Oldenhof, & Van Tol, 2000; Wang et al., 2004) and the amygdala as well as amygdala-
prefrontal coupling has been found to be influenced by 5-HTTLPR genotype (Canli et al., 
2005; Canli et al., 2006; Hariri et al., 2002; Heinz et al., 2005; Pezawas et al., 2005). 
Even though association with variations of the 5-HTTLPR genotype in the endocrine stress 
reactivity of the HPA was described in animals (Barr, Newman, Schwandt et al., 2004; Barr, 
Newman, Shannon et al., 2004), there is still a lack of human studies. Recently, Gotlib et al. 
(2008) reported a 5-HTTLPR effect on the cortisol stress response in girls with the S/S 
genotype showing stronger cortisol responses than girls with at least one L allele. However, it 
should be noted that they investigated girls aged 9 to 14, while adults aged 19 to 32 
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participated in our study. Furthermore, Gotlib et al. used a different stress task that apparently 
induced significant stress in a smaller subgroup of individuals tested. 
Our additional analysis of the cortisol samples taken before the TSST to investigate baseline 
differences revealed mixed results. While there was no significant influence of the 
investigated polymorphisms on the first cortisol baseline measure obtained about 10 minutes 
after the participants arrived there was a significant effect of DRD4 as well as a significant 
DRD4 x 5-HTTLPR interaction effect on cortisol levels shortly before the TSST. However, it 
should be noted that both measures might be modulated by additional factors: Since all TSSTs 
were conducted in the afternoon participants might have had minor stressful experiences prior 
to their arrival at the lab. Furthermore, although the specific details regarding the TSST were 
only given shortly before the test, participants knew well in advance that they would 
participate in a stress test. As Table 7 and Figure 21 indicate, none of the genetic groups 
showed a cortisol increase between the two measurement points prior to the TSST. If 
anything, there was a slight decline during the resting period.  However, more anxious 
participants might have found the waiting period before the TSST less relaxing. This could 
have resulted in a less pronounced decrease of cortisol levels which, in turn, lead to an 
increase in baseline cortisol differences between the genetic groups. 
However, an effect of DRD4 and 5-HTTLPR on the baseline cortisol cannot be entirely 
excluded and should be investigated in further studies. In recent fMRI studies 5-HTTLPR has 
been reported to influence amygdala activation during undefined states such as the 
presentation of a fixation cross. Carriers of the S allele appear to show a stronger reaction to 
stimuli and situations that are relatively uncertain and might be experienced as stressful (Canli 
et al., 2006; Heinz et al., 2007). Furthermore, both polymorphisms have been discussed with 
regard to differences in neuro-physiological development over the course of life (Auerbach, 
Faroy, Ebstein, Kahana, & Levine, 2001; Oades & Muller, 1997) that might also result in 
different baseline levels of effector organs of emotional processing. Therefore, DRD4 and 5-
HTTLPR might also be involved in a more long-term regulation of the baseline activity of the 
HPA axis. 
There were no effects of DRD4 or 5-HTTLPR on the subjective ratings on stress in the adults. 
This is not surprising since psychological and physiological responses are often uncorrelated 
or show very poor associations (J. I. Lacey & Lacey, 1958).  
Taken together, our study provides evidence that the cortisol stress response is significantly 
impacted by genetic variation of dopaminergic and serotonergic function. Both 5-HTT and 
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DRD4 have been found to be highly expressed in regions that are crucial for the processing of 
emotional information namely the amygdala and the PFC (Oak, Oldenhof, & Van Tol, 2000). 
These regions have also been reported to exert influence on the HPA axis response to acute 
stress (Jankord & Herman, 2008). However, there is also the possibility that 5-HTTLPR exerts 
its influence on a more direct route since the PVN receives inputs from serotonergic neurons 
in the brainstem (Weidenfeld, Newman, Itzik, Gur, & Feldman, 2002). Then again, the 
amygdala has also been found to project to specific nuclei in the brainstem which in turn 
project back to the hypothalamus (Weidenfeld, Newman, Itzik, Gur, & Feldman, 2002). Thus, 
the activity of the HPA axis is probably regulated by a complex limbic network that includes 
the amygdala, the hippocampus, and the medial PFC (Jankord & Herman, 2008). Additional 
research is needed to determine where exactly on the multiple sides along the HPA axis 5-
HTTLPR and DRD4 act to result in individual differences in the cortisol response.  
Our results further underscore the crucial role of gene-gene interaction effects on emotional 
regulation and stress reactivity. This finding needs of course to be replicated in a larger 
sample. However, interactions between 5-HTTLPR and the DRD4 exon III polymorphism as 
well as a number of other genetic polymorphisms have been found (Auerbach, Faroy, Ebstein, 
Kahana, & Levine, 2001; Ebstein et al., 1998; Schmidt, Fox, & Hamer, 2007) which 
illustrates the necessity to investigate the influence of multiple genes on neuropsychiatric 
outcomes. Combined genetic effects probably reflect the underlying biological processes 
more adequately and an approach that includes may help further to understand differences in 
emotional regulation as well as the risk for developing affective disorders. 
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6 SUMMARY, GENERAL DISCUSSION AND OUTLOOK 
 
In the following, the empirical results of the four samples will be briefly summarized and 
placed in perspective to the current literature in order to discuss them in a wider context. 
Finally, study design and applied methods will be critically discussed and future research 
prospects regarding a gene-environment-interaction between 5-HTTLPR and life stress on 
HPA axis regulation will be given. 
 
The present study set out to further investigate the association between the repeatedly 
reported 5-HTTLPR polymorphism and SLEs on acute stress in humans. In this respect, four 
different samples of healthy subjects have been exposed to stress with repeated measurement 
of the main endocrine stress messenger cortisol. We first examined the effects of the 5-
HTTLPR gene on acute physiological stress in a sample of newborns. In addition, we looked 
at whether exposure to pre- and perinatal stress or SLEs interacted with individuals’ reactivity 
to acute stress. Subsequently, in three further samples we examined the prospective effects of 
5-HTTLPR and SLE on psychosocial stress in children and adults. 
 
Incidentally, two main hypotheses were empirically investigated, to clarify the impact of 5-
HTTLPR alone and in interaction with SLEs on the endocrinological system. These two 
hypotheses were: 
 
1. How is the impact of 5-HTTLPR genotype on the endocrine stress response 
characterized in humans? 
 
2. How does this polymorphism impact on the endocrine stress response in interaction 
with SLEs across the lifespan in humans? 
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6.1 Summary of results 
We found higher endocrine levels after the exposure to acute stress in all four samples (Figure 
23 and Figure 24).  
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Figure 23. Cortisol response to heel prick in the newborn sample. 
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Figure 24. Summary of the results regarding cortisol responses to TSST in children (left), younger 
adults (middle) and older adults (right). 
 
Figure 25 and Figure 26 show rise in cortisol after heel prick and TSST with regard to the 
impact of 5-HTTLPR genotypes for all samples. Here, we found that HPA axis activity is 
influenced by genetic variation of serotonergic function. The endocrine stress response 
showed 5-HTTLPR specific patterns in the newborn sample and younger adult sample, while 
HPA axis function did not differ significantly between genotype groups in the children and 
older adult sample. Interestingly, genotype impact on the cortisol stress responsiveness 
showed a reversed pattern across lifespan. Additionally, SLEs in interaction with 5-HTTLPR 
seem to further modulate the endocrine stress response. 
Thus, our studies emphasize the decisive role of an interaction between 5-HTTLPR and life 
stress on HPA axis regulation according to the concept of endophenotype of stress-related 
behavior in psychiatric research (Caspi & Moffitt, 2006). 
DISCUSSION 
 103 
H
E
E
L
P
R
I
C
K
Time-10min +20min
0
10
15
20
25
30
35
40
45
50
SS  (N = 35)
SL (N = 41)
LL (N = 43)
C
or
tis
ol
 (n
m
ol
/l)
H
E
E
L
P
R
I
C
K
 
Figure 25. Impact of 5-HTTLPR on the cortisol response to the heel prick in the newborn sample. 
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Figure 26. Summary of the results regarding the impact of 5-HTTLPR on the cortisol response to the 
TSST (and TSST-C, respectively) in children (left), younger adults (middle) and older adults (right). 
 
6.1.1 The endocrine stress response 
A stressful stimulus, whether of physiological or psychological origin, may result in a severe 
perturbation of an organism’s physiologic systems. Results of the cortisol data in our four 
samples confirm this pattern (see Figure 23 and Figure 24). The heel prick, which can be seen 
as a more physiological stressor or reactive pattern, induced a significantly attenuated cortisol 
response as previously shown in newborns (Buske-Kirschbaum et al., 1997). At this point, it 
should be noted that a normal circadian rhythm in salivary cortisol values could already be 
found in infants by the third month (Price, Close, & Fielding, 1983). The TSST, in accordance 
with the measurement of salivary free cortisol, has been shown to be a reliable method for 
investigating psychosocial stress in humans (Dickerson & Kemeny, 2004). All three samples 
show a similar increase compared to previous studies using the TSST in healthy volunteers of 
both genders (Kirschbaum, Pirke, & Hellhammer, 1993) and at different ages (Buske-
Kirschbaum, Fischbach, Rauh, Hanker, & Hellhammer, 2004; Kudielka et al., 1998). Results 
in the children sample show significant lower salivary cortisol responses to the TSST than 
both the younger and the older adult sample. This might indicate the age-related changes of 
the HPA axis system (Buske-Kirschbaum, Fischbach, Rauh, Hanker, & Hellhammer, 2004). It 
should also be noted that our children already started with a lower cortisol baseline levels and 
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for ethical reasons, were treated with a different and milder version of the TSST for children 
(TSST-C; Buske-Kirschbaum et al., 1997) which also includes a public speaking task. Here, 
children had to finish telling a story instead of holding a job interview. Thus, the TSST-C 
version might not be as potent as the original TSST which would explain lower cortisol 
responses in children to some extent (Buske-Kirschbaum et al., 1997; Gunnar, Talge, & 
Herrera, 2009). 
Furthermore, we did not observe any gender differences in saliva cortisol responses in 
newborns after heel prick or in children after TSST exposure. For the latter sample, this 
confirms the study by Lewis et al. (1990) where they looked at gender differences at 
children’s adrenocortical responses. In this context, Gunnar et al. (2009) also suggested that 
gender differences generally cannot be reliably demonstrated in childhood. One explanation is 
that neurodevelopmental changes from infancy throughout early childhood might affect 
reactivity and regulation of the HPA system and thus, HPA responsiveness might be 
attenuated in this period (Gunnar, Talge, & Herrera, 2009). 
However, in adults we found a main effect for gender (women were further divided into luteal 
phase vs. non-luteal phase). Males showed a significantly higher endocrine response in 
comparison to women in the non-luteal phase. No differences were found between males and 
women in the luteal phase which is in line with the literature (Kirschbaum, Kudielka, Gaab, 
Schommer, & Hellhammer, 1999; Kudielka & Kirschbaum, 2005). 
In the older adult sample, women and men also differed significantly in their cortisol increase. 
Here, older men showed a larger salivary cortisol response after the TSST than older women 
which is consistent with recent literature (Kudielka, Hellhammer, & Wust, 2009). This gender 
difference is one of the most consistent findings with regard to short-term laboratory 
psychological stress tasks (e.g., free speech and/or mental arithmetic) (Seeman, Singer, 
Wilkinson, & McEwen, 2001; Steptoe, Fieldman, Evans, & Perry, 1996). 
 
6.1.2 Impact of 5-HTTLPR on the endocrine stress response 
Figure 25 and Figure 26 show the endocrine response to the heel prick and TSST in dependence 
of 5-HTTLPR genotype. As discussed earlier, there is considerable impact of heredity with 
approximately 50-62% in the glucocorticoid response to stress as shown in a review on twin 
studies by Bartels et al. (2003). Our data show a significant impact of 5-HTTLPR on the HPA 
axis activity, with a higher endocrine stress response in newborns homozygous for the S 
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allele. This is the first time that a significant main effect of 5-HTTLPR on stress reactivity 
could be shown at this age. Consequently, results strengthen evidence for the association of 
the 5-HTT gene and HPA axis (re)activity with newborns with the S/S genotype showing a 
higher stress response in comparison to newborns with the L/L genotype. 
Most interestingly, the association between 5-HTTLPR genotype and endocrine stress 
responsiveness appears to change with increasing age. While in the children sample 
differences in stress responsive was no longer found, the direction was reversed in adults. 
Data of the younger adult samples revealed a higher stress response in individuals with the 
L/L genotype after acute psychosocial stress in comparison with individuals to S/S or S/L 
genotype. Nevertheless, data of children and older adults point in the same direction. These 
data further support the finding that serotonergic function influences HPA axis activity and 
further support this reversed effect of 5-HTTLPR across lifespan. 
 
6.1.3 Impact of DRD4 and interaction of 5-HTTLPR and DRD4 on the 
endocrine stress response 
Since interaction effects of 5-HTTLPR and another polymorphism in exon III of the D4 
dopamine receptor gene (DRD4) became of particular interest in research of personality traits 
(see 1.2.4.3) and endophenotypes as well as for diagnostic and therapeutic approaches, we 
looked at both polymorphisms according the endocrine stress response. The effect of the 
psychosocial stressor TSST seemed to affect carriers of the of the DRD4 7R allele to a lesser 
extent than 4R/4R homozygotes. Additionally, there was an interaction between 5-HTTLPR 
and DRD4 with 5-HTTLPR L/L homozygotes showing the lowest cortisol response, but only 
when they possessed at least one copy of the DRD4 7R allele. On the contrary, 5-HTTLPR 
L/L homozygotes who also had the DRD4 4R/4R genotype showed the largest cortisol 
response (see Figure 27). 
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Figure 27. Summary of the results regarding the impact of the 4R/4R carriers (left) compared to 7R 
allele carriers (right) in dependence on the 5-HTTLPR genotype on the overall cortisol response.  
 
This finding is amongst others in line with results of Schmidt et al. (2007) who reported fewer 
behavioral problems in children with the 5-HTTLPR L/L genotype and long DRD4 genotypes 
on the Child Behavior Checklist (CBCL). The CBCL contains symptoms such as aggression, 
anxiety/depression, somatic complaints, withdrawal, or social problems. 
In addition, a main effect of DRD4 on the endocrine stress response was found in carriers of 
the 7R allele who showed smaller cortisol responses. Since we only included subjects with the 
more common DRD4 4R and 7R allele variants and compared 4R/4R homozygotes with 7R 
allele carriers (7R/7R and 4R/7R genotype), the final sample in this study was reduced to 84 
adults. This might partly explain why we were not able to demonstrate a main 5-HTTLPR 
effect in this study. Furthermore, we did not add gender (or information on menstrual cycle) 
as another grouping factor here, as it would have greatly decreased cell sizes and therefore, 
reasonable statistical analyses would have been impossible to compute. For all other samples, 
no similar gene-gene-interaction (DRD4 x 5-HTTLPR) on the endocrine stress response has 
been found. 
 
6.1.4 Gene-environment interaction regarding the endocrine stress response 
In contrast to the results mentioned above, no interaction between maternal stress and 5-
HTTLPR on the endocrine stress response was observed in our sample of healthy newborns. 
Neither prenatal stress (chronic stress during pregnancy) nor mode of delivery or birth weight 
was associated with endocrine stress response in this sample. 
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In the children sample, we did not find interaction effects of any SLEs measure and 5-
HTTLPR. Thus, neither 5-HTTLPR alone or in interaction with SLEs seems to have an impact 
on HPA axis activity in our children sample.  
However, significant interaction effects between 5-HTTLPR and SLEs have been found in the 
younger adult sample showing that early life stress as well as considerable cumulative stress 
across lifespan impacts on stress reactivity in adulthood (see Figure 28). 
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Figure 28. Summary of GxE findings in younger adults with stress-induced alteration levels of cortisol to 
the TSST shown in dependence of number of SLEs (low, moderate, high) during the first five years of 
life (left) and in dependence of the number of SLEs (low and moderate vs. severe) across entire 
lifespan (right) and the three genotype groups (S/S including S/S, S/LG, LG/LG; S/L including S/LA, 
LG/LA and L/L including LA/LA). 
 
Adults with the L/L genotype showed the highest endocrine stress response in association 
with SLEs in early life. Moreover, adults with the S/S genotype showed a relative stable stress 
response, irrespective of the number of SLEs and adults with the S/L genotype showed a 
small increase when they had experienced a high number of SLE during early life. 
Besides, adults with the L/L genotype showed the highest stress response after having 
experienced early life stress or a severe number of SLEs in comparison with low or moderate 
SLEs across the entire lifespan. Adults with the S/L or S/L genotype adults rather showed a 
decrease in the endocrine stress response with regard to increased number of SLE. Thus, 
individual’s stress response to environmental insults in later life seems to be moderated by the 
individual’s genetic makeup. 
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6.2 Critical discussion 
First and foremost, these findings support consisting research, i.e., that stress leads to an 
activation of the HPA axis (Chrousos & Gold, 1992; Kirschbaum, Pirke, & Hellhammer, 
1993). The results of the present study additionally provide evidence that the HPA axis 
activity is significantly impacted by genetic variation of serotonergic function. Besides, SLE 
across the lifespan seem to interact with 5-HTTLPR on the endocrine stress response. The 
results, thus, emphasize the decisive role of an interaction between 5-HTTLPR and life stress 
on HPA axis regulation and furthermore, show a reverse effect of 5-HTTLPR on the 
endocrine stress response (Caspi & Moffitt, 2006). 
 
Impact of 5-HTTLPR on stress reactivity 
Notwithstanding that individual differences in HPA axis activity might influence individual’s 
vulnerability for psychopathology, e.g., depression or anxiety disorders (Chrousos, 2000; 
Dallman et al., 1987; Fries, Hesse, Hellhammer, & Hellhammer, 2005; McEwen, 2005), a 
causal relation between HPA axis alterations and psychopathology remains uncertain. 
However, data from the newborn sample suggest that individuals with both S alleles show a 
more reactive HPA axis activity. It is known that 5-HT acts as a trophic factor modulating 
developmental processes such as neuronal division, differentiation, migration, and 
synaptogenesis (Gaspar, Cases, & Maroteaux, 2003) and hence, lifelong decreased 5-HTT 
function might be due to divergent events occurring during early brain maturation (Ansorge, 
Zhou, Lira, Hen, & Gingrich, 2004). Subsequently and additionally mediated via an increased 
reactivity of the limbic system, these individuals might be additionally more vulnerable to 
HPA axis disturbances and affective disorders after the experience of SLEs. The lower 
adrenocortical response to acute psychosocial stress in adults with the lower expressing S 
allele of 5-HTTLPR might account for a reduced 5-HT uptake in vitro and prevent of the risk 
factor stress on the one hand. Despite of this, it should be noted that this overall reduced or 
even blunted (re)activity of the HPA axis in individuals with the S allele (younger adults) 
might as well depict a vulnerability factor. Similar results have been found in studies with 
panic disorder patients who were showing a blunted cortisol release to CRH stimulation (Roy 
et al., 1986) or an absent increase after psychosocial stress (TSST) (Petrowski, Joraschky, 
Herold, & Kirschbaum, unpubl.). This hypocortisolism has also been observed in subjects 
with posttraumatic stress disorder (PTSD) (Rohleder, Joksimovic, Wolf, & Kirschbaum, 
2004; Yehuda, Teicher, Trestman, Levengood, & Siever, 1996) such that, PTSD subjects 
showed lower cortisol levels during the morning and evening compared to normal subjects 
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and in addition, a stronger circadian rhythm of cortisol reflecting a prolonged and shorter 
duration of peak cortisol release (Yehuda, Teicher, Trestman, Levengood, & Siever, 1996). 
However, inconsistent findings exist in particular regarding gender differences. In humans, an 
interesting association between 5-HTTLPR and HPA axis responses to a psychological 
laboratory stress protocol has been observed in previous reports (Gotlib, Joormann, Minor, & 
Hallmayer, 2008; Jabbi et al., 2007). Jabbi et al. (2007) revealed an effect of 5-HTTLPR 
showing larger cortisol responses to challenge in carriers of both S alleles in women but not 
men. In another psychosocial stress paradigm, Gotlib et al. (2008) reported stronger cortisol 
responses in girls homozygous for the S allele than those with at least one L allele. On the 
contrary, no effect of 5-HTTLPR on the endocrine stress response after the TSST but gender-
specific differences in basal cortisol values have been found (Wüst et al., 2009). Research in 
basal HPA axis activity with regard to 5-HTTLPR showed that females with both S alleles 
were associated with the highest mean CAR and contrariwise, males with both S alleles 
showed the lowest CAR. Chen et al. (2009) found similar results. Girls who were 
homozygous for the S allele had higher levels of waking cortisol than girly with the L allele. 
These results seem to point to a gender-specific association of 5-HTTLPR impact on HPA 
axis regulations, more particularly that 5-HTTLPR can have opposite effects on HPA axis 
regulation. This would support the idea of Jans et al. (2007) that 5-HT is influenced by 
gender. 
Our findings appear to be somewhat consistent with the study of Oberlander et al. (2008) who 
reported an association between adverse neonatal outcomes and gestational SSRI exposure in 
infants which was moderated by 5-HTTLPR. They interpreted their findings as biphasic 
pattern since at first, both L alleles of 5-HTTLPR seemed to compensate and protect from 
increased intrasynaptic 5-HT associated with prenatal exposure while the less efficient SS 
genotype in combination with the SRI-induced 5-HT blockade resulted in greater 5-HT levels. 
Contrariwise, in the later neonatal period this persistent increased postsynaptic 5-HT receptor 
sensitivity resulting from suppressed 5-HT reuptake and thus decreased levels of intrasynaptic 
5-HT led to adverse neonatal outcomes such as increased risk for respiratory distress. 
We initially assumed that newborns carrying at least one short allele of 5-HTTLPR may be 
more vulnerable for e.g., HPA axis disturbances and in the long-term affective disorders after 
the experience of SLEs. We also hypothesized that children and adults with at least one short 
allele of 5-HTTLPR would show a larger endocrine stress response to the TSST than carriers 
with both long alleles and additionally, that this effect will be potentiated after the experience 
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of SLEs. Our results, however, reveal a different pattern. While in newborns, the stronger 
cortisol response in carriers with at least both S alleles of 5-HTTLPR has been considered as 
vulnerability, the stronger cortisol response in carriers with both L alleles later in life may 
subsequently be considered a vulnerability factor in later life. 
 
Gene-environment interaction  
More interestingly with regard to the gene-environment interaction research of 5-HTTLPR, 
there are subsequent studies confirming the association between 5-HTTLPR and depression as 
initially described by Caspi et al. (2003) that succeed (Bennett et al., 2002; Brummett et al., 
2008; Eley et al., 2004; Kendler, Kuhn, Vittum, Prescott, & Riley, 2005; Neumeister et al., 
2002), while other studies refuted the association (Gillespie, Whitfield, Williams, Heath, & 
Martin, 2005; Ohara, Nagai, Tsukamoto, Tani, & Suzuki, 1998). Moreover and to confirm our 
data, significant associations were found for chronic PTSD with an increased risk in the group 
without the S allele (Grabe et al., 2009; Lee et al., 2005; Thakur, Joober, & Brunet, 2009). 
These findings further suggest a protective role of the S allele with regard to the development 
of chronic PTSD rather than a susceptibility role for PTSD or other mood and anxiety 
disorders as reported in most of the literature (Pezawas et al., 2005). This protective role of 
the S allele also been shown in studies with regard to myocardial infarction (Coto et al., 2003; 
Fumeron et al., 2001). This is supported by results in our younger adults’ sample, showing a 
smaller endocrine stress response in adults with at least one S allele in comparison to adults 
with the L/L genotype after acute psychosocial stress. 
Another recent study further supported the interaction between 5-HTTLPR, environmental 
risk factors and stress-related behavior. Koenen et al. (2009) showed that the S allele of the 5-
HTTLPR polymorphism was associated with a decreased risk of PTSD in environment of low 
risk (e.g., low crime/unemployment rates. Conversely, an increased risk of PTSD was found 
in high risk environments. These results suggest that the social environment revises the effect 
of 5-HTTLPR genotype on susceptibility to PTSD. 
Besides, in a first study with regard to associations between 5-HTTLPR, a history of SLEs and 
stress reactivity a GxE was revealed (Alexander et al., 2009). Healthy males with the S/S 
genotype who have experienced a history of SLEs exhibited greater cortisol secretions in 
response to the stressor (public speaking) than males with the S/L or L/L genotype. With 
these results given, 5-HTTLPR genotype variations obviously seem to contribute to anxiety-, 
depression- and stress-related traits in humans. 
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Our results remarkably support the concept of gene-environment interaction but in a contrary 
manner. Individuals with the L/L genotype revealed higher cortisol responses after the 
experience of early life stress as well as a severe number of SLE across lifespan.The impact of 
early life stress impacting on HPA axis has only been found in  animal studies so far (Barr, 
Newman, Shannon et al., 2004; Veenema, Reber, Selch, Obermeier, & Neumann, 2008). In 
addition, the impact of 5-HTTLPR after the experience of very much life stress as in our 
younger adults sample has been reported by several studies so far (Canli et al., 2005; Caspi et 
al., 2003). 
The major difference and moreover, a notable strength of this study is that we considered 
different age samples in order to facilitate comparability between groups with different 
amount of stressful life stress. The nonreplication of a GxE in older people with regard to the 
Caspi (2003) study is in accordance with a study by O’Hara et al (2007). However, our 
sample size has probably been to be too small to discover a potential GxE effect. For the 
children sample, the number of SLEs might have been too small to modulate the interaction of 
5-HTTLPR genotype and the endocrine stress response. 
 
Gene-gene interaction 
Results of study III also showed an impact of the dopaminergic system on the endocrine stress 
response. The finding of a smaller cortisol response to the TSST in carriers of the DRD4 7R 
allele compared to 4R/4R homozygotes is in line with the literature showing that the DRD4 
7R allele has been associated with increased measures of novelty seeking (Ebstein, 2006). 
Thus, these individuals seem to be less frightened by potentially aversive novel stimuli and 
might thus, be less affected regarding the emotionally negative and threatening aspects of the 
TSST. In addition, recent literature associated individuals with both L alleles of 5-HTTLPR 
and at least one copy of the DRD4 7R allele with fewer behavioral problems (Schmidt, Fox, 
& Hamer, 2007), which would underline results of our study showing a smaller HPA axis 
reactivity after psychosocial stress in these individuals. 
 
Activation of distinct emotional systems 
As there were divergent results referring 5-HTTLPR genotype impact on the endocrine stress 
response, inconsistencies will be discussed more detailed here. The activation of two different 
stress-related systems (anticipation vs. physiological response) might have been triggered as 
we used different stress tasks (heel prick vs. TSST). Herman et al. (2003) elucidated a model 
consisting of two stress pathways depending on the sort of the stressors. Real physiological 
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stresses are considered to be reactive and conversely, anticipatory responses are elicited in the 
absence but in anticipation of a physiological threat and involve higher brain structures (as for 
instance amygdala, hippocampus, and PFC) (Herman et al., 2003). The TSST represents an 
anticipatory response since it induces social stress, while on the other hand the heel prick 
displays a reactive pattern or physiological stressor. In addition, anticipatory responses are 
considered to be under the control of limbic brain regions, such as the amygdala and the 
hippocampus. It is well known that the amygdala as well as amygdala-prefrontal coupling 
have been found to be influenced by the 5-HTTLPR genotype (Canli et al., 2005; Canli et al., 
2006; Hariri et al., 2002; Heinz et al., 2005; Pezawas et al., 2005). However, the PFC in 
newborns is not yet engaged in regulation of emotion since it is the last region that reaches 
full maturity in the ontogenetic development in humans (Gogtay et al., 2004). Maturation of 
the human PFC starts prenatally and continues into puberty and beyond. Thus, this strong 
response in newborns homozygous for the S allele of 5-HTTLPR can be ascribed to an effect 
of the limbic system. More importantly, chronic stress during brain development or in 
childhood may impact on PFC structure and function during adulthood stress as well (Murmu 
et al., 2006). 
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6.3 Reflection of methods 
6.3.1 Sample 
The sample of mothers in the hospital should represent a non-selected sample. Indeed, it was 
a random sample of mothers from the local Medical Clinic and therefore, it might have been 
possible that a minor selection error could have emerged. Mothers with higher level of 
perceived stress might have not approved or been interested in the participation of the study 
for different reasons. 
 
6.3.2 Sample size 
Sample sizes, especially in the older adult sample, were relatively small due to outliers and 
challenging recruiting issues. For this sample, power post hoc analysis revealed that given a 
power of .80 and f ~ .30, a sample size of N = 114 subjects would have been needed to obtain 
significance (p < 0.05) and to verify results of our younger adult sample. 
 
6.3.3 Hardy-Weinberg equilibrium 
Genotype distribution of 5-HTTLPR in the newborn sample was not in Hardy-Weinberg 
equilibrium as we observed a shortage in the S/L genotype group. Even though others have 
also detected Hardy-Weinberg equilibrium difficulties with the 5-HTTLPR polymorphism 
(Mandelli et al., 2007), these results need to be considered with caution. 
 
6.3.4 Assessment of chronic stress 
A more sophisticated assessment of maternal stress should be taken into consideration for 
further research of prenatal stress. Moreover, the self-report of life stress history is a 
retrospective measurement and might hence be referred as too subjective and less precise. Our 
subjects may have differed in their ability to remember events accurately despite the use of 
memory cues of both the life history calendar (LHC) or Life Events Questionnaire (LEQ) 
method. 
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6.4 Future prospects 
Variations in serotonergic systems might be considered as a biochemical trait for vulnerability 
to stress with regard to the genetic profile and early experiences of the individual (Chaouloff, 
2000). It is, however, important to note that the development of the serotonergic system is still 
in progress until at least the end of the first postnatal year (Kinney, Belliveau, Trachtenberg, 
Rava, & Paterson, 2007).  
The involvement of genetic influence on the HPA axis and furthermore, the interaction of 
genetic and environmental impact on stress reactivity has primarily been demonstrated in 
animal studies (Barr, Newman, Shannon et al., 2004) and very rarely  in humans, except for 
three recent two studies (Alexander et al., 2009; Gotlib, Joormann, Minor, & Hallmayer, 
2008; Wüst et al., 2009). 
Thus, it seems worthwhile to study the interactions between HPA axis activity and the 
serotonergic system in a prospective, longitudinal study design. 
Additional research is also needed to determine how exactly 5-HTTLPR and DRD4 act jointly 
to result in individual differences in the cortisol response. While our results underscore the 
crucial role of gene-gene interaction effects on emotional regulation and stress reactivity, an 
approach for the understanding of differences in emotional regulation as well as the risk for 
developing affective disorders is needed to reveal underlying biological processes more 
adequately and to develop adequate diagnostic and therapeutic manuals and techniques. 
 
In this work, we investigated the impact of 5-HTTLPR variants on the endocrine stress 
response to acute physiological and also psychosocial stress in four human samples at 
different ages. Based on these initial results, future studies should investigate the mediating 
role of genetic as well as environmental role of the HPA axis response to stressors in an 
sufficient longitudinal design. 
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6.5 Final conclusions 
The results of our research, which has mainly focused on the relationship between 5-HTTLPR 
and HPA axis activity in healthy humans, but also considered a polymorphism of the 
dopaminergic system (DRD4), lead us to conclude: 
 
The S/S genotype of 5-HTTLPR is significantly associated with a higher endocrine stress 
response after a routine medical procedure (heel prick) in a psychiatrically healthy sample of 
newborns. 
 
The L/L genotype of the 5-HTTLPR is significantly associated with a higher endocrine stress 
response to the TSST in comparison with individuals carrying at least one of the lower 
expressing S allele in a psychiatrically healthy sample of adults. 
 
Individuals with the L/L genotype show the highest stress response to the TSST after having 
not experienced any SLEs in early life compared with individuals with at least one S allele. 
 
Individuals with the L/L genotype showed a lower cortisol response than S or L allele carriers 
but only if they possessed at least one copy of the DRD4 7R allele. 
Individuals with the DRD4 7R allele showed smaller cortisol responses to the TSST than 
4R/4R homozygotes. 
 
Taken together, the present studies provide further evidence that the HPA axis stress response 
shows significant variation with serotonergic genotype. As revealed by the simultaneous 
comparison of different age groups across the lifespan, we here provide evidence to suggest 
that the direction of 5-HTTLPR genotype impact may be reversed with increasing age. The 
reasons for this apparent age-related change remain illusive. However, SLEs may be among 
the factors responsible for this phenomenon. 
Above and beyond, results underscore the crucial role of 5-HTTLPR but also DRD4 in 
emotional regulation and stress reactivity. The present data suggest genetically driven 
differential modulated stress responsivity as candidate traits for an endophenotype of stress-
related behavior and might be a meaningful basis for improved diagnosis as well as 
therapeutic approaches of stress-related behaviors. 
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“The capacity to blunder slightly 
 is the real marvel of DNA. 
 Without this special attribute, 
 we would still be anaerobic bacteria 
 and there would be no music.” 
Lewis Thomas (1913-1993) 
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